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ABSTRACT

Vibration control is a very importantissuein satellites. The new high-resolutiondigital

imagingdevicesareespeciallysensitive to vibrations.Antennasusedin lasercommunicationsalso

requirea very quietenvironmentso that their performanceis not degraded.TheStewart platform

is capableof isolatingan optical payloadfrom thenoisy spacecraftbus. Until recently, only pas-

sive methodswereusedin all vibration isolationapplications.Recentadvancesin Digital Signal

Processingtechniquesmadethe developmentof vibration control algorithmspossible,but these

usuallyrequirelarge computationalpower. This work exploresusinga computationallyefficient

vibration-isolationmethodfor opticalpayloadsby usinghexapods.Themethodsuppressesthevi-

brationat theassignedfrequenciesanddoesnot affect unassignedfrequenciesif theplant is linear.

Themathematicalanalysisincludesconvergenceanalysisandtheeffect of unassignedfrequencies

in theoutput.Thecomputationalrequirementsof thealgorithmis evaluatedandis comparedto the

Multiple-Error LeastMeanSquare.Themethodis very robust to nonlinearities;its performanceis

comparableto theMultiple-ErrorLeastMeanSquarewith a fractionof thecomputationaltime and

memoryrequirements.Also it requiresvery little plantknowledge.Theoreticalresultsareverified

throughsimulationsusinga Single-Input/Single-Output plantanda nonlinearhexapodmodel.The

controllerwasalsoexperimentallyvalidatedin two differenthexapodsandthe performancewas

foundto besimilar to or betterthantheperformanceobtainedwith theMultiple-Error LeastMean

Squaremethodwhenanoisyreferencesignalis used.
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I. INTRODUCTION

A. THE VIBRATION ISOLATION PROBLEM

Althoughthevibrationcontrolproblemhasbeenstudiedfor alongtime,it receivedincreas-

ing attentionaftertheadventof submarines.Themainpurposeof asubmarineis to travel unnoticed

andthenoisegeneratedby its severalsubsystemscandefeatits purpose,makingits localizationand

identificationeasier. As aresult,thestudyof noiseandvibrationreceivedmuchattention,especially

duringtheColdWarwhenseveraltechniquesfor noiseandvibrationisolationweredeveloped.

During the sixties, spacestartedbeing consideredas a very strategic areaand imaging

wasamongthemany applicationsthat found their way to themilitary spacecraft.During thefirst

decadesof spaceimaging,vibrationwasnot asimportantasit is todaybecauseof the limitations

of the imagingsensorsavailableat that time. Nowadayssatellitesarelarger andhave muchmore

rotatingmachinerythanin recentpast.Amongthevibration-generating devicespresentin therecent

satellitesarelargeappendages,whichsnapwhenenteringor emerging from aneclipse,solarpanels

thatrotateto trackthesun,cryocoolers,pumps,reactionwheels,controlmomentumgyros(CMG),

reactionjets andmagnetictorquers.The vibrationsproducedby theseelements,if transmittedto

theimagingdevice,candegradeits performanceappreciably. Figure1.1shows anexampleof such

degradation.

At the sametime, the electronicindustryhasmadeastonishingadvancesin imagingde-

vices. Resolutionis now much higher than it was a few yearsago, and new optical techniques

producelensesandmirrorswith lessdistortion,generatingsharperimages.Evenwhendistortions

arepresent,the imagescanbe post-processedon the ground,usingthe latestadvancesin image-

1



(a)Jitterfree (b) Jitterpresent(2µrad)

Figure1.1. JitterEffecton anImagingDevice (From[1]).

processingtechniquesto enhancethem. One famousexampleis the sphericalaberrationon the

Hubbletelescope’soriginalprimarymirror. Usingimageprocessingtechniques,thetelescopecould

still beusedwhile themirror wasbeingupgraded[6].

Themostcommoncausefor vibration-inducedimagedegradationis dueto vibrationspro-

ducedelsewhereandtransmittedthroughthesatellitebusto theimagingdevice. Isolatingthenoisy

environment,dampeningthestructureor isolatingtheinstrumentitself by usinganisolatingmount

(seeFigure1.2)canreducethis typeof vibration. Thevibrationcanalsobeproducedon thequiet

sidewhenmoving parts,suchascryocoolers,mustbemountedascloselyaspossibleto thesensor.

Passivemethodsareusedin mostvibration-controlandvibration-isolationimplementations

for several reasons:they arerobust; they do not consumeelectricalpower; they arevery reliable

andthetechnologyis mature.Passive approachescanbeappliedto mountsthatprevent thevibra-
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Figure1.2. TheVibrationIsolationProblem(From[1]).

tions to propagateto or from thespacecraftbusor to increasethedampeningof a largerstructure.

Unfortunately, passive approachesdo notsolve all vibrationproblems.

Whenavibrationisolationmountis used,thevibrationhastwo mainpathsto migratefrom

the noisy to the quiet side: the vibration isolationmediumandthe umbilical. Even thoughit is

possibleto designvery soft passive mountsto preventing the vibration to propagatethroughthe

mount,prevent the vibration from propagatingthroughthe umbilical is impossible. In the same

way, passive isolationapproachesareincapableof suppressingthevibrationgeneratedon thequiet

side. This is especiallyimportantfor infraredimagingfor which thesensormustbecooledanda

cryocoolermustbeplacedascloselyaspossibleto thesensorin orderto increaseits performance.

Passivesolutionscanonly performvibrationcancellationin certaincases.

Disturbanceisolation,alsocalled “vibration suppression,” is the suppressionof periodic

disturbances.Thesedisturbancesareusuallygeneratedby rotatingmachineryandappearaslines

in the frequency spectrum. Theselines have a power contentmuch higher than the background

vibrationnoise.If thefrequency is known andfixed,TMDs (tuned-massdevices)canbeused,but

their placementon thestructureis critical. ThusTMDs arenot usuallysuitedfor isolationmounts.

Active methodscandealwith frequenciesnot known a priory or with frequenciesfluctuating,and

theplacementof theactuatorsis notascritical aswhenusingpassive methods.
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B. ACTIVE VIBRATION SUPPRESSION

Sincemeetingtherequirementsusingpassive-onlysolutionsis becomingincreasinglydif-

ficult, activesolutionshavebeenpursued.Currentresearchindicatesthatthemostviablesolutionis

theuseof agenericlocal vibrationisolatorthatcombinesbothpassive andactive isolation.Among

the several approachestested,the mostpromisingis the Stewart Platform [7], which cangener-

ateforce andtorquein any direction. It alsoexhibits goodstiffnessproperties[2] with actuators

muchsmallerthanthoseneededwith serialmanipulators.Theneedfor localizedvibrationisolation

promptedthedevelopmentof theVibrationIsolationandSuppressionSystem(VISS) [8, 9, 3] and

theSatelliteUltraquietIsolationTechnologyExperiment(SUITE) [10].

A hexapodhascomplex dynamicsanda detailedmodelcanbe quite complicated.Even

if a perfectmodelis developed,spacemissionsusuallydo not allow theopportunityfor scheduled

maintenancein orderto repairagingor failedsystemsandthussystemidentificationmaybeneeded.

For thisreason,all vibrationcontrolwork foundin thereviewedliteratureusessomesortof adaptive

method.Thisapproachmakesit possibleto compensatefor modelimperfectionsandaging.

Sincethe hexapodsaremultiple-input/multiple-output (MIMO) systemsstronglycoupled

[11], expectingthatthebestperformancecanbeobtainedby usingMIMO controllersis reasonable.

Somemethodsareavailablefor MIMO plants,suchasMultiple-Error LMS[12], ClearBox [13, 4]

andRepetitive Control [14, 15]. Unfortunately, thecomputationalresourcesavailablein satellites,

limit theuseof thesemethodsfor vibrationisolationof opticalpayloads.

One importantcharacteristiccommonto all hexapodsusedfor vibration isolationasde-

scribedin the literatureis the useof smartstruts. All of them have six identical strutswith an

actuatorand a vibration sensorembedded(geophoneor accelerometer),meaningthat using one

4



independentsingle-input/single-output (SISO)controllerfor eachstrut is possible.This approach,

while simple,haslimitationsfor asystemasstronglycoupledasahexapod,andmixedresultshave

beenachieved[11, 16].

Eliminating the requirementof having a MIMO controllerdoesallow morechoicessince

severalvibration-suppression algorithmswereneverextendedto theMIMO case.In 2000,Kuoand

Morgan[17] presentedaninterestingreview of someof thevibrationisolationalgorithmsavailable

and,thenclassifiedtheminto “reference-based”and“syntheticreference.” The first groupusesa

referencesignalcorrelatedwith thedisturbancewhile thesecondoneusessomeotherinformation

to generatean internal referencesignal. The “synthetic reference”group containsis one set of

controllerscalled“notchfilters.”

Notchfilters have severalpropertiesthatarevery attractive for vibration isolationin satel-

lites. First, no externalsignalis usedasa reference.Sinceextra informationaboutthe frequency

is givenor generatedon-the-fly, thefrequency informationcanbeusedto generatea syntheticref-

erence.This eliminatestherequirementof having anadditionalsensor, at theexpenseof requiring

additionalinformationto generatethereferencesignal.Anothercharacteristicof this classof con-

trollers is that excellent resultscanbe achieved for suppressingvibrationsgeneratedby rotating

machinery, alsocalledtonaldisturbances.

Among the controllersfound in the reviewed literature,the oneusedin 1998by Bertran

andMontoroin [18] (basedon thework presentedby KuoandMin in 1995[19]) requiredtheleast

amountof computationaleffort is

This controlleris quitesimpleanddoesnotusethemodelof theplantexplicitly. Although

thiscontrolleris verysimple,thereviewedliteraturedid notmentionthiscontrollerbeingappliedto

MIMO systems,especiallyon hexapods.In addition,no extensionof MontoroandBertran’s work

for MIMO plantswasfound. More important,no stability analysiswasfound in the literaturethat
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considersa genericplant. However, suchanalysisis essentialto meetthehigh-reliability require-

mentsof spaceapplications.Anotherdrawbackis that the methodrequiresthe knowledgeof the

frequency to besuppressed.Otherfrequenciescouldbepresenton theerrorsignalandsomeinter-

ferencecanoccur. This possibilitymustbeaddressedif this controlleris to be implementedin an

actualspacesystem.However, thisproblemhasnot yetbeenaddressedin theliteraturereviewed.

Althoughmucheffort hasbeenspentondevelopingvibrationcontrolandisolationmethods,

our examinationof the literaturerevealedthat no onehasevaluatedthe computationaleffort that

eachmethodrequires.Consequently, a costanalysismustbedevelopedandthevibration-isolation

methodselectedmustbecomparedto theMultiple-ErrorLMS implementation.

Finally, most modelingwork doneon hexapodswas from a roboticsperspective, using

directandinversekinematics.Li andSalcudeanpresentedamodelfor ahexapod,but assumedthat

thedynamicsof theactuatorsarenegligible [20]. Lebret,Liu andLewis derived a very complete

modelfor ahexapodstartingfrom theenergy approach,but unfortunatelythegeometryassumedin

their work doesnot apply to the hexapodsavailableat the SatelliteResearch and DesignCenter:

eachpair of actuatorswasconnectedto the top plate througha single joint. In 1991,Fujimoto,

Kinoshitaetal. derivedamodelfrom theroboticsperspective [21], but assumedthat“the joint does

notmovein highspeed,” preventingits applicationfrom beingusedfor vibration-isolationpurposes.

A completemodelof thehexapodsuitablefor simulationsis neededin orderto studytheeffectsof

themultiple-input/multiple-output (MIMO) natureof thehexapodwithout theinterferenceof actual

hardwareimperfections.
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C. PROBLEM STATEMENT

The goal of this researchis to studya computationallyefficient algorithmthat meetsthe

vibration-isolationrequirementsof opticalpayloadsusinghexapods.Themethodneedsto be tol-

erantto nonlinearities,mustrequiresignificantly lesscomputationalresourcesthanthe Multiple-

Error LMS implementation,andthemethodmustperformcomparablyto theMultiple-Error LMS

method.Additionally, themethodmustbeableto dealwith multiple frequencies.

A stabilityanalysisandastudyof theeffectof uncontrolledfrequenciesmustbeperformed.

Theresultsmustbevalidatedon simulationsandexperimentally.

Finally, thecomputationalcostof both theproposedmethodandtheMultiple-Error LMS

approachmust be derived and must be comparedin order to verify if the proposedmethod

achievesthedesiredgoalof significantlyreducingthecomputationalcostoverthereferencemethod

(Multiple-ErrorLMS).

D. OVERVIEW

ChapterI presentsthevibration-isolationproblem,reviews the literatureandstatesthere-

searchobjectives.

ChapterII describesthetwo differenthexapodsusedto performtheexperiments.

ChapterIII providesa detailedstate-spacemodelof thePrecisionPointingHexapod.This

modelallowsthedesignerto derivesomeimportantpropertiesof theplantandis usedto implement

adetailedsimulationprogram.

ChapterIV presentstheAdaptive DisturbanceCancellermethod,derivesthestability cri-

terion,andstudiesthemethod’s performancewhenmultiple frequenciesarepresent.Simulations
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areusedto validatethemathematicalresultsusingbotha SISOplant andthemodeldevelopedin

ChapterIII.

ChapterV derives and comparesthe computationalrequirementsfor both the Adaptive

DisturbanceCancellerandtheMultiple-Error LMS approach,aswell asderivesandcomparesthe

correspondingmemoryrequirements.

ChapterVI validatestheresultsexperimentallyby usingthetwo hexapodsavailableat the

SatelliteResearch and DesignCenter, at the Naval PostgraduateSchool. A comparisonbetween

theAdaptive DisturbanceCancellerandMultiple-ErrorLMS is alsopresented.

Finally, ChapterVII presentsasummaryof thework andconclusionsandsomesuggestions

to overcomethemainweaknessesof theAdaptive DisturbanceCanceller.
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II. HARDWARE DESCRIPTION

A. OVERVIEW

The Stewart platform,alsoknown asa “parallel manipulator,” wasintroducedby Stewart

in 1965[7] andis composedof two platesconnectedby some(passive or active) links. Oneof the

platesis consideredto be the reference(base)andtheother(top) is theonefor which theattitude

andpositionareto becontrolled.A diagramof suchaplatformis shown in Figure2.1.Theplatform

canbecontrolledby changingthelengthof thelinks. It canbeshown thatin orderto getsix degrees

of freedom,oneneedsat leastsix actuatedstruts.Onecanalsoverify thatmorethansix actuators

will not increasethenumberof theDOFof themanipulator(differentlyfrom theserial-linkedcase).

Thehexapodshave several interestingcharacteristics,namely, high stiffnessandreducedsizeand

weightwhencomparedto serial-linkmanipulators.A comprehensive studyof hexapodsandtheir

characteristicscanbefoundin [2, 22, 23, 24, 25, 26].

Figure2.1. HexapodView in 3D (From[2]).
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SectionB describesthefirst hexapodavailableat theSatelliteResearch andDesignCenter,

theUltra-QuietPlatform.Thishexapodis equippedwith highbandwidthpiezoelectricandsensitive

geophonesensorsoneachstrut.

SectionC detailsthe PrecisionPointingHexapod,which haslong stroke actuatorsandis

capableof pointing and cansimultaneouslyisolatevibration. Sincethis hexapodis modeledin

ChapterIII, it is describedin moredetail.

B. ULTRA-QUIET PLATFORM

This Ultra-QuietPlatform,shown in Figure2.2,wasconceivedfor vibration-isolationpur-

poses. It follows a cubic configuration(seeFigure2.3) in order to minimize the cross-coupling

amongthestruts[27]. Thehexapodrestson a satellitebusmockup(Figure2.4) wherethedistur-

bancesourceis mounted.Thewholestructureis mounted,with rubbervibrationsuppressors,on a

Newport RS4000floatingtablein orderto provide isolationfrom theambientvibrationnoise.

Figure2.2. Ultra-QuietPlatform.
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Figure2.3. CubicConfiguration(From[3]).

The Ultra-Quiet Platform strutsare equippedwith piezoceramicstack actuators(PZT).

Theseactuatorshave a very large bandwidth(resonancepeakaround1 � 2KHz) and a displace-

mentof
�

50µm, which is adequatefor vibration control. The power to the actuatorsis provided

by a PCBPiezotronics790A06amplifier (
�

200V at
�

100mA). Eachsmartstrut is alsoequipped

with a GeospaceGS-11Dgeophone,which measureslinearvelocity. Thesesensorshave a natural

frequency of 14Hz with a dampingratio of 0 � 8. The signalconditioningis provided by the CSA

EngineeringActiveVibration Control System(AVCS). Thefixtureshave passive isolationbuilt-in,

whichprovidesdampingin serieswith theactuators.

Thedisturbancesourceproducesaccelerationparallelto thez-axis,asdefinedin Figure2.1.

It usesanAura BassShaker (AST-1B-4,25W), andit is mountedon top of themockup,below the

bottomplateof thehexapod.Theshaker signalis producedby a DSPboardandis amplifiedby a

DC power amplifier(KepcoBOP20-10M).

The implementationof the algorithm is madeon a dSpaceAlpha Combo. This system

comprisesa DS1103andanAlphaBoard. TheAlphaBoard is poweredby a DEC Alpha500MHz

processorwith 2MB of RAM. The DS1003boardactsasa slave I/O boardandcontainsa Texas
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InstrumentsTM320C40processorrunningat50MHzand512Kb of memory. Thesetupis shown in

Figure2.4. Thecontrollerrunson theAlphaBoard, while all theI/O functionsareexecutedon the

DS1003board.

All the I/O areperformedat 104 samples� s while thecontrolleranddisturbancegenerator

run at 103 samples� s. Sincethereis not appreciablepower contentson the measurementsabove

2KHz, anti-aliasingfilterswereimplementedby oversamplingthemeasurements(10KHz), passing

themthroughaChebychev (typeI, cornerat200Hz, 3rd order)andfinally down-samplingtheoutput

of thefilters to 103 samples� s.

The outputsof the controllerareup-sampledto 104 samples� s andthenlow-passfiltered

by a type I Chebychev filter in order to smooththe outputsentto the actuators.The disturbance

signalreceivedthesametreatment.Filtering,A/D sampling,D/A conversionsandcommunication

betweenthecontrollerandthehostPCoccurin theDS1003board.

The code is implemented, compiled and downloaded to both boards through the

dSpace/MatlabReal-TimeWorkshopenvironment.Theactualcontroller, aswell asthedisturbance

generator, is custom-codedin C. Thesetasksareaccomplishedby usinga hostPC,anIntel-based

P-III Dell DimensionXPS600MHz. ThesamehostPCis alsousedto collectall therelevantdata

producedduring theexperiment.Thedataarethenconvertedinto Matlab’s proprietaryformat for

storage.
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C. PRECISION POINTING HEXAPOD

Themain limitation of theUltra-QuietPlatformis its smallstroke, which preventsit from

beingusedfor steering.In ordertoevaluatethepossibilityof performingbothpointingandvibration

isolation,ahexapodwith a longerstroke is needed.To addressthisneed,theSatelliteResearch and

DesignCenteracquireda new hexapod: thePrecisionPointingHexapod,from CSA Engineering,

Inc.. The platform is designedto allow both vibration control andpointing. In order to achieve

the largestroke required,thePrecisionPointingHexapodusesvoice-coilactuators,which provide�
5mmtravel. Accelerometersaremountedinline to provide vibration information. Theplatform,

asdeliveredby CSA Engineering,Inc., is depictedin Figure2.6.

Thishexapodwasselectedfor modelingbecauseit hasalargerstroke. Thishexapodwill be

usedfor pointingresearchasfor well asvibration-isolationresearchandthusanaccuratemodelis

needed.A completestate-statemodelis aninvaluabletool for testingnew algorithmsbeforeimple-

mentingthemon theactualhardware. In orderto have themodeldeveloped,a deepunderstanding

of thehardwareis neededandthereforethedescriptionof thePrecisionPointingHexapodhardware

is moredetailedthantheunderstandingneededto simplyoperateit.

1. Actuators

Thisplatformis well suitedfor positionandvibrationcontrol.Theactuators,manufactured

by Moltran Industries,Inc. (modelAFX 70N), have a stroke of morethan
�

5mmandcanprovide

more than 2 � 5o of tilting and 10o of twisting. The actuatorscan deliver up to 40N of dynamic

force andup to 70N of staticforce,beingadequateto control large levels of vibration. Themost

importantcharacteristics,from Moltran’s datasheet,areshown on Table2.1anda pictureof oneof

theactuators,asmounted,canbeseenin Figure2.7.
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Figure2.6.PrecisionPointingHexapod.

Figure2.7. ActuatorandAccelerometer.
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Value Units

Model Axial ForceTransducerAFX 70N -

Forceat 40WDC, coil at 25oC 100 N

Forceat 40Wrms� sine, coil at 25oC 70 N

Forceat 40WDC, coil at 140oC 70 N

Forceat 40Wrms� sine, coil at 140oC 50 N

Gainat theOrigin 17.5 N
A

Gainat
�

5mm 15 N
A

Table2.1. ActuatorSpecifications.

Theactuatorsarepoweredby a custompower supplyprovidedby CSA Engineering,Inc,

composedby six independentswitchinginvertingamplifiers(switchingfrequency of 29KHz). The

amplifier hasnegative gain ( � 1) andacceptsa voltagein the range
�

4V on the inputs through

coaxialcables.Theoutputsof theindividual amplifiersaredirectly connectedto theactuators.

2. Accelerometers

The PrecisionPointing Hexapod is equippedwith six accelerometers(Kistler, 8304B2

K-Beam) mountedinline with the strut’s axis, asseenin Figure2.7. Theseaccelerometershave

a rangeof
�

2g andarelinear over the range0 to 200Hz. The main specificationsareshown in

Table2.2.

3. Disturbance Generator

A vibrationsourceis provided in orderto simulateperiodicdisturbances.This is accom-

plishedby usinganAura BassShaker AST-2B-4mountedon a customadapter. Theshaker charac-
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Value Unit

Range
�

2 g

Sensitivity 1000 mV � g

Frequency Response
�

5% 300 Hz

Resolution 0 � 1 mgrms

Table2.2.AccelerometerSpecifications.

teristicsareshown in Table2.3. Theshaker adapter, shown in Figure2.8,allows vibrationsalong

thez-axis,x-yaxis(asdefinedin Figure2.1),twist, tip andcombinationsof theprevious.Theshaker

canalsobemountedon thetopplate,producingvibrationalongthez-axis.

Thesignalthatdrivestheshaker is producedby theDSPcontrollerandsentto anAC power

amplifierSonySTR-DAmplifier. Theoutputof theamplifieris connectedto theshaker.

4. Floating Table and Environment Isolation

Thewholeplatformis soft-mountedon a Newport StabilizerTM laminarflow isolator, pre-

ventingthegroundvibrationfrom interferingwith theexperiment.In orderto maximizetheshaker’s

Figure2.8. BaseShaker Adapter.
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Value Unit

Model AST-2B-4

MagnetType ceramic

PowerRating 50 W

Force,Nominal,atResonance 132 N

Weight 1.125 Kg

ResonanceFrequency 42 Hz

Frequency Range 20-100 Hz

Table2.3. Shaker Specifications.

efficiency, thelowerplateis mountedon theNewPorttableusingverysoft rubberpads.Sincethese

padsflattendueto thehexapod’s weight,they arereplacedbeforeeachsetof experimentsto ensure

thehighestdegreeof isolation.

5. Electronic Support

Both thepower supplyandtheanti-aliasingfilters areimplementedin the “Control Box.”

This box accumulatesthe functionsof power supplyfor sensors,shockdetector, emergency shut-

down, signalconditioningandanti-aliasingfilter andnoisesuppressor. Figure2.9shows themain

functionsimplementedin theControlBox.

Power is provided by a customoff-the-shelfpower supplythatprovides
�

5V and
�

12V,

whicharethevoltagesthatboththebox’s electronicsandthesensorsneed.

Theaccelerometersareconnectedby a standardDB25 connectorthatprovidesthemwith�
12V and ground. It also receives the accelerometer’s signals( � 1V � g), which aresentto the

anti-aliasingfilters.
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A samplefrom thesignalfrom theaccelerometer#1 is sentto a window comparator. The

normaloperationof thehexapodshouldnotexceed
�

2g, whichis therangeof theaccelerometers.If

thetop plateof thehexapodexceeds
�

2g, theaccelerometer’s outputvoltagewill beeithersmaller

than0 � 5V or larger than4 � 5V andthusa shockis consideredto have occurred.In responseto this

condition,adedicatedcircuit will disconnecttheactuatoranddisturbanceamplifiersfrom the110V

rail, cutting their power supply. Thepower canonly berestoredby pressingthe resetbutton. The

sameeffect canbeobtainedby pressingthepanicbutton. This mechanismis essentialto preserve

thehexapodintegrity if thecontrollerbecomesunstable,especiallyat lower frequencies.

The anti-aliasingfilters are implementedas fourth-orderswitched-capacitorButterworth

filters. Thecornerfrequency canbeadjustedby changingthefrequency of theoscillatorby means

of a potentiometer. The cornerfrequency is definedas fc � fosc� 50. Sincethis is actuallya dig-

ital filter (althoughit is implementedwith analogcomponents),onemustensurethat thereareno
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frequenciesabove fc � 2 whenselectingfosc. Thecutoff frequency wasselectedat 50Hz dueto the

strongnonlinearities.Thefilteredmeasurementsignalsarethensentto a connectionpanelwhere

10nF capacitorsareusedto reducethenoiseevenfurther. Thosecapacitorsareneededto prevent

theenvironmentnoisefrom corruptingthemeasurements.

6. Controller and Host Computer

Thehexapodis controlledby a dedicatedPowerPC-basedboard(dSpaceDS1103), which

is installedinside the host PC. A connectionpanelis attachedto the boardand provides all the

externalcommunicationwith theboard.Therelevant interactionsareshown in Figure2.10.

Thehostcomputeris a PC Dell DimensionXPST500. Thecontrolleris implementedby

usingdSpaceandMathworks’ RealTimeWorkshop. All filtering, disturbancegenerationandI/O

operationsareimplementedwith Simulinkblockdiagrams.Theactualcontrollawsareimplemented

in eitherC or Simulink. All thedatalogging is performedusingdSpace’s Control Desk, which al-

lows thedesiredvariablesto bestreamedto diskandthenconvertedto Matlab’s proprietaryformat.
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III. MATHEMATICAL MODEL

A. OVERVIEW

This chapterpresentsthedevelopmentof a mathematicalmodelfor thePrecisionPointing

Hexapodsuitablefor vibrationsimulationandcontrol.Thismodelenablestestingof differentcon-

trol laws without having to implementthemin theactualhardware,andthusenablestheengineer

to evaluatetheactualinfluenceof eachparameteron thecontrollerperformance.	 SectionC lists thesymbolsusedin thederivation.	 SectionD derivestheequationsusedby themodelstartingfrom themomentumconservation

equations,accordingto theNewtonianformulation.	 SectionE describestheEuleranglesandEulerParameters,explainingwhy theEulerangles

wereselectedfor thehexapod’s model.	 SectionF modifiesthefree-bodyequationsto take into accountthefactthattheforcesacting

on thetopplateareassumedto actonly on thejoints.	 SectionG incorporatestheactualactuator’s model.	 SectionH providesthemeasurementequationsandthuscompletesthemodel.

B. INTRODUCTION

Controllingasystemrequiresknowledgeof itsbehavior. A controlsystemmayevenoperate

without a priori knowledgeof thesystem,but it mustbuild this informationover time to perform

successfully, as in the adaptive case. Even for adaptive controllers,a goodmodelof the plant is
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importantin orderto provide adequateparametrization.Anotherreasonfor a mathematicalmodel

is givenby thenatureof themeasurements,sincethey areusuallynotthequantitiesdirectly involved

in therequirements.In fact,thedesiredmeasurementsfor theplatformareroll, pitch, yaw andthe

angularandlinearaccelerations.Noneof thesequantitiesaremeasureddirectlyby thesensors:they

arerelatedto thesensorsby amapping,whichcanbestaticor dynamic.

For the particularproblemof the hexapodsubjectof this research,linear andangularac-

celerationscanbe staticallyderived from the accelerationof eachjoint of the moving plateasa

lineartransformation.However, angularpositionsφ, θ andψ (roll, pitchandyaw) arerelatedto the

accelerationsby differentialequations.To provideestimatesof thedesiredvariables,amodel-based

technique,suchastheKalmanFilter, hasto beimplemented.Theperformanceandreliability of its

resultsareasgoodasthereliability of themathematicalmodelof thesystem.

Therestof this sectiondescribesin detail all thestepsinvolved in themodelconstruction

andpresentstheresults.A detaileddescriptionof how theequationswerederivedis very important

sothatthesamemethodologycanbeappliedto derive modelsof otherhexapods.

C. LIST OF SYMBOLS, NOMENCLATURE AND DIMENSIONS

The PrecisionPointingHexapodwaspresentedin SectionII.C andonly relevant details

areincludedin this section.Thebasicgeometryof theplatformis shown in Figures3.1and3.2. A

hexapodis geometricallydefinedby its 12joints(six upperjointsandsix lowerjoints). Theorigin is

definedasthegeometriccenterof thesix upperjointswhentheplatformis at restwith theactuators

atmid-course(Figure3.1). Theaxesof thecoordinatedsystemarealsodepictedin Figure3.1.

Thephysicalquantitiesusedto definethesystemin theformulationareshown in Table3.1.

Thedefinitionof thesymbolsusedin thederivationarein Table3.2.
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Figure3.1.Hexapod—3D.

Figure3.2.Hexapod—Top View.
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Symbol Value Unit Description
r .25 m Radiusof thecircle thatcontainsall

theupperjoints (seeFig. 3.2)

R .40 m Radiusof thecircle thatcontainsall
thelower joints (seeFig. 3.2)

θB
5π
180 rad Angular separation of the clos-

est lower joints, measuredfrom
the centerof the lower joints (see
Fig. 3.2)

θb
10π
180 rad Angular separation of the clos-

est upper joints, measuredfrom
the centerof the upper joints (see
Fig. 3.2)

h0 .2 m Distancebetweenupperand lower
planes, when the platform is at
“zero” (seeFig. 3.1)

m 2.849 Kg Massof thetop plate

J 
 0 � 0277 0 � 0 0 � 0
0 � 0 0 � 0277 0 � 0
0 � 0 0 � 0 0 � 0553� Kgm2 The momentof inertia of the plat-

form

ωna 1002π rad/s Naturalfrequency of theactuator

ξa .3 [none] Dampingfactorof theactuator

βan 1 [none] Gainfactorfor theinput to forcere-
lation in theactuator

αac 0 
 12π rad/s First poleof theaccelerometer

βac 1042π rad/s Second(and last) pole of the ac-
celerometer

Table3.1. PhysicalQuantitiesUsedin theModel.
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Symbol Meaning
Q Linearmomentum
m Mass
H Angularmomentum
v Linearvelocity
J Inertiamatrix
w Angularvelocity (vector)
F Forceactingon thecenterof mass
T Torqueactingon thetop plate
φ Yaw
θ Pitch
ψ Roll
M Matrix thatconvertsw into theEuleranglesderivatives
ααα Eulerparametersvectorααα ��� φθψ � T
a Acceleration
Li Forceactingon joint i
Fi Forceproducedby theactuatori
e Input forcevector, generatedby theactuators
ai Accelerationof joint i
bi Positionof upperjoint i
Bi Positionof lower joint i
ri Vectorthatconnectsp to bi� � �

Form factorfor force(F � � � �
e)� � �

Form factorfor torque(T � � � �
Finp)

ai Accelerationof joint i
p Positionof thetop plate

F � s�
I � s� Transferfunctionof theactuator(forceasoutputandcurrentasinput)
v j Velocity of thejoint
vl Velocity of thejoint alongtheactuatoraxis
ba Viscositycoefficient
ri Vectorthatconnectsbc to thejoint i (ri � bi � bc � bi � p)

Table3.2.SymbolsUsedin theMathematicalModel.
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D. FREE-BODY MODEL

In orderto make theproblemmoretractable,it is assumedthatall forcesandtorquesare

measuredwith respectto an inertial referencessystem(definedin SectionC). The most basic

equationsfor a free-bodymodel are the equationsof momentumconservation (Equations(3.1)

and(3.2)). Thesequalitiesdo not changeif no externaltorqueor forceis appliedto thebody. The

linear(Q) andangular(H) momentumaredefinedas:

Q � mv (3.1)

H � Jw, (3.2)

wherem is themass,J theinertiamatrix, w theangularvelocity andv the linearvelocity (all with

respectto thetopplate).

TheforceF andtorqueT actingon thetopplateare

F � Q̇ � ṁv � mv̇ (3.3)

T � Ḣ � J̇w � Jẇ. (3.4)

Equations(3.3) and(3.4) canbe simplified if themassandthe inertiamatrix canbecon-

sideredconstant,asit is thecasewhentheequipmentmountedon thetopplatecanbeconsidereda

rigid body. With this assumptionṁ � 0 andJ̇ � 0 andEquations(3.3) and(3.4) canbesimplified

to

F � mv̇ (3.5)

T � Jẇ. (3.6)
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E. EULER ANGLES

Therearetwo mainapproachesthatcanbeusedto definetheangularvelocity: Eulerangles

andEulerparameters(alsoknown asquaternions).

Thefirst approachis adequatefor angleswithin bounds,sincethisapproachhassingularity

problems.Furthermore,it usestranscendentalfunctions(sin, cosandtan), makingits computation

expensive. Using theazimuth-elevation-roll sequenceandaccordingto [28], thederivativesof the

Euleranglesare

α̇αα � �������� φ̇

θ̇

ψ̇

� ������! � �������� 1 tanθsinφ tanθcosφ

0 cosθ " sinθ

0 sinφ
cosθ

cosφ
cosθ

� ������! w � M # ααα $ w (3.7)

andthesingularityis atθ � π % 2. Theplatformmovementsaresmall,with all anglesbeinglessthan

15o, andthe singularitywill never be reached.Without the singularity, the only drawbackof the

Euleranglesapproachis its computationalrequirements.

Theotherpossibility is to useEulerparameters(quaternions).Accordingto [28], they can

bewrittenas ������������
ė1

ė2

ė3

ė4

� ����������! �&" 1
2

������������
wxe2 � wye3 � wze4" wxe1 " wze3 " wye4" wye1 � wze2 " wxe4" wze1 " wye2 " wxe3

� ����������! , (3.8)

with theconstrainingequation

e2
1 � e2

2 � e2
3 � e2

4 � 1, (3.9)

wheree1, e2, e3 ande4 arethequaternions.
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Thisapproachhastwo mainadvantagesoverusingEulerangles:thereis nosingularityand

theupdatesrequireonly standardmultiplications.TheEuleranglesapproachwasselectedfor this

model.

Assumingthat the body andinertial frameshave the sameorigin, a vector in the inertial

frameop canbetransformedinto thebodyframeusingthetransformation[28]

bp � �������� cθcφ cθsψ " sθ" cφsψ � sφsθcψ cφcψ � sφsθsψ sφcθ

sφsψ � cφsθcψ " sφcψ � cφsθsψ cφcθ

� ������! op (3.10)

� bRo
op, (3.11)

werec standsfor cosands for sin. Thetransformationmatrix bRo is orthonormalandinvertiblefor

the small anglesthat the PrecisionPointingHexapodcanproduce.The inversetransformationis

oRb � bRo ' 1
.

Using the Euler anglesandthe assumptionof constantmassandinertia matrix, a simple

modelcanbewritten as ������������
ṗ

v̇

α̇αα

ẇ

� ����������! �
������������

v

1
mF

M # ααα $ w
J ' 1T

� ����������!

�
���������������������

v

1
mF�������� 1 tanθsinφ tanθcosφ

0 cosθ " sinθ

0 sinφ
cosθ

cosφ
cosθ

� ������! w

J ' 1T

� �������������������!
, (3.12)
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wheretheforceF andthetorqueT acton thecenterof massof thetopplate.

This modeldescribesa body floating in free spaceandhasarbitrary force and torqueas

inputs. Therefore,this systemis controllableasis its linearizedversion. The main problemwith

this modelis, however, that the forceandtorquearenot controlleddirectly: they aregeneratedby

thesix actuators.

F. FORCES ACTING ON THE TOP PLATE

Disregardingthe gravitational effects, thereareonly six external forcesand no external

torqueactingon thetop plate(throughthejoints). A mathematicalrelationshipmustbefoundthat

cantranslatetheseforcesinto the resultantforce andtorque. It is assumedthat the actuatorsare

mass-lessandtheforcesgeneratedby theactuatorsareparallelto theactuator’s axisandactonly at

thejoints.

The force actingon the centerof massis thesummationof all forcesactingon thebody.

Defining Li as the force acting on the joint i and e �)( e1 *+*+* e6 , T as the force producedby the

actuators,theresultantforceis

F � 6

∑
i - 1

Li� 6

∑
i - 1

ei
bi " Bi.
bi " Bi

. , (3.13)

whereei is the force producedby the actuatori, bi is the positionof upperjoint i and Bi is the

positionof thelower joint i.

bi � p � ri� p � bRoro / i . (3.14)
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Defining 0 0 0 i � bi ' Bi1
bi ' Bi

1 , theforceF canbewrittenas

F � 6

∑
i - 1

0 0 0 iei

� ��������
2 2 2 2 2 20 0 0 1 0 0 0 2 0 0 0 3 0 0 0 4 0 0 0 5 0 0 0 62 2 2 2 2 2

� ������!
���������������������

e1

e2

e3

e4

e5

e6

� �������������������!� 0 0 0&# p 3 ααα $ e. (3.15)

Thetorquecanbeevaluatedin a similar manner. Eachforcehasa associatedtorquewhen

translatedto thecenterof massandthesetorquescanthenbesummedto producethetotal torque

T. First,defineavectorri as

ri � bRoro / i , (3.16)

wherep is thepositionof thecenterof massof thetopplateandb i is thepositionof thejoint i.

Therefore,theoverall torquecanbewrittenas

T � 6

∑
i - 1

ri 4 Li� 6

∑
i - 1

ri 465 ei
bi " Bi.
bi " Bi

.87� 6

∑
i - 1

ei 5 ri 4 bi " Bi.
bi " Bi

. 7� 9 9 96# p 3 ααα $ e, (3.17)

where9 9 9 i � ri 4 bi ' Bi1
bi ' Bi

1 .
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The resultsof Equations(3.15)and(3.17)provide a linear relationshipbetweenthe input

forcesandtheresultingforceandtorque.By usingtheseresults,theplantmodelcanberewrittenas������������
ṗ

v̇

α̇αα

ẇ

� ����������! �
������������

v

1
m 0 0 0 e

M # ααα $ w

J ' 1 9 9 9 e

� ����������! , (3.18)

wheretheparametersof 0 0 0&# p 3 ααα $ and 9 9 9:# p 3 ααα $ weredroppedfor compactnessandareimplicit.

G. ACTUATORS

Theforceof theactuatorscannotbecontrolleddirectly. Thecontroller’s outputis a num-

ber that is convertedto a voltage/currentandthensentto theactuator. Theactualforce produced

dependson theactuator’s internaldynamics.

The actuatorsinstalledon the PrecisionPointingHexapodarevoice-coils,which areba-

sically a coil in the insideanda magneton theoutside(Figure3.3). A currentflowing in thecoil

generatesamagneticfield thatinteractswith themagneticelementcreatingtheforce,whichis linear

for smalldisplacements.Both a springforceanda viscousforcemustalsobe taken into account.

Therefore,theequationrelatingtheforcegeneratedby theactuatorto thecurrentflowing throughit

andthepositionis

F # t $;� Ki i # t $<" Kxx # t $=" bẋ # t $<" maẍ # t $ , (3.19)

whereKi is thegain from currentto forceandb, ma andKx aretheviscousfriction, moving mass

andspringconstantof theactuator.
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Figure3.3.ActuatorDiagram.

Theforceproducedby theactuatormustbewritten in termsof theinertial coordinatesys-

tem.Thedisplacementx is thedistancetraveledby thejoint alongtheunity vector bi ' Bi1
bi ' Bi

1 �>000 i

xi � # bi " b0 / i $ T 0 0 0 i� # p � ri " b0/ i $ T 0 0 0 i� ? p � bRor0 / i " b0 / i @ T 0 0 0 i.

Sincebo / i � r0 / i , thisbecomes

x � ? p � bRob0 / i " b0/ i @ T 0 0 0 i. (3.20)

Thevelocityvi of thejoint i is thesumof thevelocityof thecenterof massandthevelocity

of the joint with respectto thecenterof mass.Sincethe latter is producedby theangularvelocity

of thetopplate,theresultingexpressionis

vi � # v � w 4 ri $ T 0 0 0 i� ? v � w 4 bRoro / i @ T 0 0 0 i. (3.21)

34



Similarly, theaccelerationof thejoint i is theaccelerationof thecenterof masssummedto

thecentripetalacceleration:

ai � a � w 4 # w 4 ri $ . (3.22)

Projectingai it on thestruts’axesleadsto:

ai � # a � w 4 # w 4 ri $+$ T 0 0 0 i

ai � ? a � w 4 ? w 4 bRoro / i @A@ T 0 0 0 i . (3.23)

Substitutingx, ẋ andẍ into Equation(3.19),theforceon joint i is

Fi # t $B� Ki i i # t $=" ? Kx ? p � bRob0 / i " b0/ i @ � b ? v � w 4 bRoro / i @ �
ma ? a � w 4 ? w 4 bRoro / i @A@C@ T 0 0 0 i , (3.24)

assumingit is parallelto theactuator’s axis. All thetermsof this equationareknown statesexcept

for theinput i i # t $ .
It is importantto mentionthattheoutputof thecontrolleris notacurrent,but avoltage.This

voltageis sentto a DC amplifierandits outputgoesto theactuators.Theamplifier’s bandwidthis

200Hz andthetimeconstantof theactuator’s LR circuit is 1ms. Therefore,themodeldevelopedin

thissectionis valid only upto 200Hz. If higherfrequenciesareneeded,thentheelectricaldynamics

mustalsobemodeled.

1. Model With Actuators

The force Equation(3.24) canbe usedin Equations(3.12) to generatea morecomplete

model.To do that,Equation(3.24)mustbewritten in amorecompactform. Defining

hi � ? Kx ? p � bRob0 / i " b0 / i @ � b ? v � w 4 bRoro / i @ �
ma ? a � w 4 ? w 4 bRoro / i @D@C@ T 0 0 0 i , (3.25)
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h �E( h1 *+*+* h6 , T (3.26)

and

u �E( i1 *+*+* i6 , T . (3.27)

Equation(3.12)canberewrittenas������������
ṗ

v̇

α̇αα

ẇ

� ����������! �
������������

v

1
m 0 0 0 e

M # ααα $ w

J ' 1 9 9 9 e

� ����������!
�

�������������
v

1
m 0 0 0GF F1 *+*+* F6 H T

M # ααα $ w

J ' 1 9 9 9)F F1 *+*+* F6 H T

� �����������!
�

������������
v

1
m 0 0 0&# Kiu " h $

M # ααα $ w

J ' 1 9 9 9:# Kiu " h $
� ����������! , (3.28)

with h andu asdefinedin Equations(3.25),(3.26)and(3.27).

H. ACCELEROMETERS

All hexapodsusedfor vibrationcontrolreviewedin theliteraturehave somekind of sensor

to measurethe vibration built into the strut. The PrecisionPointingHexapodis not an exception

andhasaccelerometersbuilt inline with the actuator’s axis. Section II.C.1 (p. 15) describesthe
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mountingbracket andtheaccelerometers,while Table3.3 shows therelevant specificationsof the

accelerometers.

Value Unit
Range I 2 g
Sensitivity 1,000 mV/g
ResonantFreq.(nom.) 1.2 kHz
Freq.Response( I 5%) 300 Hz
Linearity I 1 %FS
TransverseSensitivity (nom.) J 1 %
PhaseShift (10Hz,nom.) 2 degree
Resolution(0.5 to 100Hz) 0.1 mgrms

Table3.3.AccelerometerSpecifications.

Asseenin SectionG, themodelisonlyvalidupto200Hzdueto restrictionsof theactuator’s

model.Since200Hz is within theaccelerometer’s bandwidth,theirdynamiccanbeconsideredjust

aconstant.It is alsoimportantto realizethattheaccelerometersmountedon thestrutsmeasureDC

level, andthismodeldoesnot limit this behavior.

The accelerometersmeasurethe accelerationof the joint projectedon the actuator’s axis.

Themeasurementcanthenbewritten as

ai � ai
T bi " Bi.

bi " Bi
. � ai

T 0 0 0 i , (3.29)

whereai is themeasurementof accelerometeri andai is theaccelerationat thejoint i. Thisacceler-

ationwasevaluatedin Equation(3.23).

Usingtheabove resultanddefiningKa / astheaccelerometers’constantgain,themeasure-

mentequationsbecome

m � �������� a1

...

a6

� ������! � �������� Ka /LK a � w 4 K w 4 bRoro/ 1 MLM T 0 0 0 1

...

Ka / K a � w 4 K w 4 bRoro/ 6 MLM T 0 0 0 6

� ������! . (3.30)
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Therefore,the last equationis the measurementequationfor the state-spacemodel de-

scribedin Equation(3.28),whichcanbeusedfor vibrationsimulationpurposes.
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IV. VIBRATION SUPPRESSION

A. CHAPTER LAYOUT

This chaptercontainsthe detailsof the Adaptive DisturbanceCanceller.First, SectionB

derivestheMultiple-ErrorLMS method.

SectionC presentsanoverview of theAdaptive DisturbanceCanceller.Themathematical

details,includingaconvergenceanalysis,arepresentedin SectionD.

Note that the Adaptive DisturbanceCancellerisolatesthe vibrationsat the assignedfre-

quenciesonly. As a result,Section D.3 presentsa studyof the behavior of the controller in the

presenceof unassignedfrequencieson theerrorsignal.

SectionE presentssimulationsresultsobtainedwith the Adaptive DisturbanceCanceller.

The model derived in ChapterIII was usedto simulatethe PPH in Section E.2. The Adaptive

DisturbanceCancelleris aSISOcontrollerandmultiplecontrollersmight interactwith oneanother

on a distributed controller configuration. Thus, full nonlinearmodel simulationsare of special

interest.

B. MULTIPLE-ERROR LEAST MEAN SQUARED

Advancesin Digital SignalProcessingtechniquesled to severalestimationtechniquesand

many of theseare also valuablefor noisecancellation. Techniquescommonlyapplied in noise

cancellationareusuallybasedonadaptivealgorithms.Thegeneralapproachis shown in Figure4.1.

Amongadaptivefilter implementationsusedto cancelthedisturbancesignald ( n, oneof the

simplestandbestunderstoodis theLeastMeanSquaremethod(see[29] for a detaileddescription
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Figure4.1.NoiseCancellationProblem.

andspecificproperties).This filter assumesanall-poleplant(H) andminimizesthecostfunction

J � E N 2
e ( n, 2 2 O , (4.1)

whereE PRQTS is the expectationoperator. Additionally, the LMS is a first order method,which

contributesto its simplicity andreducedcomputationaleffort in comparisonwith moresophisticated

algorithms.
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D

+
-
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Figure4.2. An Adaptive VibrationController.

The vibration problemhasoneadditionalcomplicationwhencomparedto the noisecan-

cellationproblem:thetransferfunctionH is after thefilter. In fact,thefilter providestheinputsto

theplantH. An updateddiagram,reflectingthevibrationcontrolproblemis shown in Figure4.2.
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It is importantto realizethatFigure4.1andFigure4.2 only differ on thepositionof theplantand

thecontroller: they areswitched.Unfortunately, thevery factof switchingtheplantandthefilter

preventsa straightLMS from beingusedfor control. TheLMS filter hasa weightupdateequation

in theform

W ( n � 1, � W ( n, � µeUD( n, u ( n, , (4.2)

andsincetheplantis placedafterthefilter, achangeonu ( n, will not reflectone ( n, , but one ( n � 1,
(theLMS assumesanall-poleplant).Therefore,e ( n, doesnot dependonu ( n, andtheLMS method

cannotbeapplieddirectly to thevibrationcontrolproblem.

Widrow[30] andBurgess[31] solved this problemworking independentlyin 1981. Their

methodusedanestimatedmodelof theplantandis calledFiltered-XLMS. This algorithminherits

mostof thecharacteristicsof thesimpleLMS scheme.Unfortunately, theFiltered-XLMS method

doesnot addressoneimportantissue:MIMO systems.Elliot, StothersandNelsongeneralizedthe

original Filtered-XLMS in 1987[12], presentingtheMultiple-Error LMS. Thenew algorithmwas

ableto controlMIMO plants,but still possessestherestrictionof having a singlesignalcorrelated

with all disturbances.In essence,theMultiple-ErrorLMS transformstheMIMO plantinto aSIMO

plant, with a single input (x ( n, ) and several outputs(eo ( n, ) (seederivation in Section 1). The

structureof thecontrollerproposedin [12] canbeseenin Figure4.3.

BoththeMultiple-ErrorLMS andtheFiltered-XLMS approaches,aswell astheirvariants,

seemto be the mostcommonactive vibration control/isolationalgorithmsin usetoday. They are

amongtheleastexpensive in termsof computationalrequirementsandarecomparatively simpleto

implement.The Multiple-Error LMS, dueto its widespreadacceptance,is usedin this work asa

benchmarkandis presentednext.

41



HW

D

H
^

+
-

ME-MLS
Alg

x[n]

d[n]

y[n]

u[n]

e[n]

r[n]
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Figure4.4.Multiple-ErrorLMS.

1. Derivation of the Multiple-Error LMS

TheMultiple-Error LMS assumesthat theMIMO plantH (Figure4.4) canbemodeledas

aFinite ImpulseResponse(FIR) filter or orderM with Q outputsandP inputs.Thus,theqth output

yq / p ( n, dueto theinput p is givenby:

yq / p ( n, � M

∑
m- 0

hq / p ( m, up ( n " m, , (4.3)

42



assumingthattheQ disturbancesdq ( n, actingon thesystemarecorrelatedto thesignalx ( n, , which

mustbemeasurable.

Further, assumingW to bea matrix of dimensionsS 4 P, thesignalu ( n, canbegenerated

as

up ( n, � S' 1

∑
s- 0

ws/ p ( n, x ( n " s, . (4.4)

Substitutingtheinput valuederivedin Equation(4.4) into Equation(4.3),theoutputof the

plantat timen is

yq ( n, � P ' 1

∑
p- 0

M

∑
m- 0

hq / p ( m, up ( n " m,� P ' 1

∑
p- 0

M

∑
m- 0

hq / p ( m, S' 1

∑
s- 0

ws/ p ( n " m, x ( n " m " s,� P ' 1

∑
p- 0

M

∑
m- 0

S' 1

∑
s- 0

hq/ p ( p, ws/ p ( n " m, x ( n " m " s, . (4.5)

Theerrorcanbethencomputedas

eq ( n, � dq ( n, " yq ( n,� dq ( n, " P ' 1

∑
p- 0

M

∑
m- 0

S' 1

∑
s- 0

hq / p ( p, ws/ p ( n " m, x ( n " m " s, . (4.6)

Following thesamereasoningthatis usedin thederivationof theLMS method,W mustbe

updatedminimizing thecostfunction

J � E V Q ' 1

∑
q- 0

e2
q ( n,XW . (4.7)
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By using the steepestdescentand µ as the learningrate, the weight can be adjustedas

follows:

ws/ p ( n, � ws/ p ( n, " µ
∂J ( n,

∂ws/ p ( n,� ws/ p ( n, " µ
∂E Y ∑Q ' 1

q- 0 e2
q ( n,[Z

∂ws/ p ( n,� ws/ p ( n, " µ
Q ' 1

∑
q- 0

∂E N e2
q ( n, O

∂ws/ p ( n, . (4.8)

Unfortunately, computingtheexpectationE N e2
q ( n, O in realtimeis impossible,but thesame

approximationusedin thederivationof thestandardLMS algorithmcanbemadehere:

E N e2
q ( n, O]\ e2

q ( n, . (4.9)

By usingtheabove approximationandproceedingwith thecalculationof ws/ p ( n � 1, :
ws/ p ( n � 1, \ ws/ p ( n, " µ

Q ' 1

∑
q- 0

∂ N e2
q ( n, O

∂ws/ p ( n,\ ws/ p ( n, " 2µ
Q ' 1

∑
q- 0

eq ( n, ∂eq ( n,
∂ws/ p ( n, . (4.10)

Next, substitutingtheerroreq ( n, from Equation(4.6) into Equation(4.10),ws/ p ( n � 1, can

beevaluatedas

ws/ p ( n � 1, \ ws/ p ( n, �
2µ∑Q ^ 1

q_ 0 eq ` na ∂ b ∑P̂ 1
pcd_ 0

∑M
m_ 0 ∑Ŝ 1

scd_ 0
hq e pc f mg wsc e pc f n ^ mg x ` n ^ m̂ sc a h
∂wq e i f ng . (4.11)
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Assumingthat the weightschangeslowly (µ small), then, ws/ p ( n " m, \ ws/ p ( n, and the

previousequationcanbesimplifiedto

ws/ p ( n � 1, \ ws/ p ( n, �
2µ∑Q ^ 1

q_ 0 eq ` na ∂ b ∑P̂ 1
pc _ 0

∑M
m_ 0 ∑Ŝ 1

scd_ 0
hq e pc f mg wscie pc f n ^ mg x ` n ^ m̂ sc a h
∂wse p f ng\ ws/ p ( n, �

2µ∑Q ^ 1
q_ 0 eq ` na ∂ b ∑P̂ 1

pc _ 0
∑M

m_ 0 ∑Ŝ 1
scd_ 0

hq e pc f mg wscie pc f ng x ` n ^ m̂ sc a h
∂wq e i f ng\ ws/ p ( n, �

2µ∑Q ^ 1
q_ 0 eq ` nakj ∑P̂ 1

pcd_ 0 ∑M
m_ 0 ∑Ŝ 1

sc _ 0
hq e pc ` ma ∂wscle pcmf ng

∂wse p f ng x ` n' m' sc a n . (4.12)

Note that thederivative
∂wsc e pc ` na
∂wse p ` na is differentfrom zeroonly if p � po ands � so . Therefore,Equa-

tion (4.12)collapsesto

ws/ p ( n � 1, \ ws/ p ( n, � 2µ
Q ' 1

∑
q- 0

eq ( n, M

∑
m- 0

hq/ p ( m, x ( n " m " s, . (4.13)

Now, definingrq / p ( n, as

rq/ p ( n, � M

∑
m- 0

hq / p ( m, x ( n " m, (4.14)

then,Equation(4.13)becomes

ws/ p ( n � 1, \ ws/ p ( n, � 2µ
Q ' 1

∑
q- 0

eq ( n, rq / p ( n " s, . (4.15)

Equation(4.15) is thenusedto definethe weight updateequationfor the Multiple-Error

LMS:

ws/ p ( n � 1, � ws/ p ( n, � 2µ
Q ' 1

∑
q- 0

eq ( n, rq / p ( n " s, . (4.16)

One importantcharacteristicof the Multiple-Error LMS methodis that a plant model is

neededto generaterq/ p ( n, . Actually, theterm∑M
m- 0hq / p ( p, x ( n " m " s, canbeinterpretedasbeing

theqth outputof theplantwhenthe pth input is x ( n " s, andall theotherinputsarezero.
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C. PROPOSED METHOD

For a time-invariantor slowly varying tonal disturbance,having a full modelof the plant

or a controllerdesignedto work over a frequency bandis anoverkill. Thesystemis only excited

at a particularfrequency andthus,the transferfunctionsarereducedto singlecomplex numbers.

Assumingthattheplantis linearandstable,it is possibleto generateany arbitrarysinusoidalat the

outputof thesystemandthuscancelany sinusoidaldisturbance.A controllerusingthis approach

waspresentedin 1998by BertranandMontoro[18]. Theproposedcontrollerneeds,for thestudied

case,only afew assumptions:astablelinearSISOplant,tonaldisturbanceswith known frequencies

andtheplantwithoutzerosat thefrequenciesof interest.A blockdiagramdescribingthecontroller

is shown in Figure4.5.

Thecontrollerproposedcanbesummarizedasfollows: assumingthattheplantH is linear

(seeFigure 4.5), then, for any sinusoidalsignal d ( n, with frequency ωc it is possibleto find a

sinusoidalinput x ( n, suchthaty ( n, �p" dn (if q K ejωc Msr� 0). Usuallyonewouldwrite theinput as

x ( n, � X cos# ωcn � βx $ . (4.17)

Severalalgorithmswhichcomputetheoptimalvalueof xn by minimizinge ( n, � y ( n, � d ( n,
areavailable,but almostall assumethaty ( n, is a linearcombinationof theparameters.The input

Equation(4.17)canbechangedto theequivalentform

x ( n, � acos# ωcn$8� bsin# ωcn$ . (4.18)

Next, assumingthat q K ejωc M � αejβ, thesteady-stateoutputy ( n, canbewrittenas

y ( n, � aαcos# ωcn � β $8� bαsin# ωcn � β $ . (4.19)

Using this form, the output y ( n, is linear in the parametersa and b and most adaptive

algorithmscanbe usedto find a andb. BertranandMontoro usedan updatesimilar to the one
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Figure4.5. Adaptive DisturbanceCanceller.

definedin theLMS method:

a ( n � 1, � a ( n, � µe ( n, cos# ωcn$ (4.20)

b ( n � 1, � b ( n, � µe ( n, sin# ωcn$ , (4.21)

with

e ( n, � y ( n, � d ( n, . (4.22)

D. MATHEMATICAL ANALYSIS

1. Stability

BertranandMontoroderivedthestability analysisfor thesetuppresentedin thispaper, but

theparticularplantassumedis notappropriatefor theStewartPlatformproblem.Therefore,amore

generalapproachis presentedin thefollowing discussion.

Thedisturbanced ( n, canbewrittenas

d ( n, � Āq K ejωc M ejωcn, (4.23)
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whereωc is thefrequency of thedisturbance.

Assumingµ small,A ( n, changesslowly andtheoutputy ( n, canbewrittenas

y ( n, \ A ( n, q K ejωc M ejωcn. (4.24)

Thus,sincee ( n, � y ( n, � d ( n, , theerroris

e ( n, � d ( n, � y ( n,� K Ā � A ( n, M q K ejωc M ejωcn� Ã ( n, q K ejωc M ejωcn. (4.25)

Usingtheweightupdateequationandthedefinitionof Ã ( n, � Ā � A ( n, , theupdateequation

for Ã ( n, is givenby

A ( n � 1, � A ( n, � µe ( n, e' jωcn.

Adding Ā to bothsidesof thepreviousequationleadsto

Ã ( n � 1, � Ã ( n, � µe ( n, e' jωcn. (4.26)

Also notethatalgorithmconvergencemaybeproven if tt Ã ( n � 1, tt Jutt Ã ( n, tt , for all integer

valuesof n. Therefore,tt Ã ( n � 1, tt 2 � ÃUv( n � 1, Ã ( n � 1,� K ÃU ( n, � µeU ( n, ejωcn MwK Ã ( n, � µe ( n, e' jωcn M� tt Ã ( n, tt 2 � ÃU ( n, µe ( n, e' jωcn � Ã ( n, µU eU ( n, ejωcn � 2
µ

2 2 2
e ( n, 2 2 . (4.27)

Now, usingtheerrorvaluefrom Equation4.25,theabove expressionis reducedtott Ã ( n � 1, tt 2 � tt Ã ( n, tt 2 � ÃU=( n, µÃ ( n, q K ejωc M ejωcne' jωcn �
Ã ( n, µU ÃU ( n, q U K ejωc M e' jωcnejωcn �2
µ

2 2 ÃU ( n, q U K ejωc M e' jωcnÃ ( n, q K ejωc M ejωcn.
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Applying complex conjugateproperties,thefinal expressionfor tt Ã ( n � 1, tt 2 is givenbytt Ã ( n � 1, tt 2 � tt Ã ( n, tt 2 � 2ReN Ã ( n, µU ÃU ( n, q U K ejωc M O � 2
µ

2 2 tt Ã ( n, tt 2 tt q K ejωc M tt 2� tt Ã ( n, tt 2 ? 1 � 2ReN µq K ejωc M O � 2
µ

2 2 tt q K ejωc M tt 2 @ , (4.28)

andit canbeconcludedthatlimnx ∞ tt Ã ( n, tt 2 � 0 providedthat

1 � 2ReN µq K ejωc M O � 2
µ

2 2 tt q K ejωc M tt 2 J 1,

or, equivalently,

2ReN µq K ejωc M O � 2
µ

2 2 tt q K ejωc M tt 2 J 0.

TheweightA ( n, convergesto " Ā, asÃ ( n, � Ā � A ( n, . Thus,theerrorconvergesto zero.

Assumingthat tt µq K ejωc M tt JyJ 1, thestability criterioncanbesimplifiedto

ReN µq K ejωc M O J 0. (4.29)

As aguideline,µ canbeselectedby using

µ � q U K ejωc M
10 tt qz# ejωc $Rtt 2 , (4.30)

wherethe magnitudeof the plant is not critical andthe phasemustbe known within I π % 2. This

guidelineis not strict andthemodelof theplantdoesnotneedto bepreciselyknown.

2. Optimal Weights

Assumingthatthecontrollerconverges,theny ( n, �p" d ( n, . Assumingthatthedisturbance

d ( n, is

d ( n, � Dce
j { ωcn| γc } , (4.31)
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then,theoutputy ( n, canbeevaluatedas

e ( n, � y ( n, � d ( n,� y ( n, � Dce
j { ωcn| γc } .

The convergenceof the algorithmensuresthat the error convergesto zeroandA ( n, con-

vergesto a constant.Therefore,

e ( n, � y ( n, � d ( n,
0 � Aq K ejωc M ejωcn � Dce

j { ωcn| γc } .
Defining q K ejωc M � αejβ, thepreviousexpressionbecomes

0 � Dce
j { ωcn| γc } � αAej { ωcn| β }

Dce
j { ωcn| γc } � " αAU ej { ωcn| β }

AU ( n, � Dc

α
ej { γc ' β | π } , (4.32)

whereAU is theoptimalweight.

TherealcoefficientsaU andbU areobtainedby rewriting Equation(4.32)in therealform

aU � " Dc

α
cos# γc " β $

bU � " Dc

α
sin# γc " β $ . (4.33)

3. Crosstalk

It is importantto verify how the algorithm behaves in the presenceof uncontrolledfre-

quencies.For suchananalysisthedisturbanceis assumedto containtwo complex exponentialsat

frequenciesωc andωnc. Thus

d ( n, � Dce
jωcn| jγc � Dnce

jωncn| jγnc, (4.34)
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whereωc is thedisturbanceto besuppressedandωnc is not to besuppressed.

It is assumedthat ~ N ��� (where � denotesthesetof Naturalnumbers)suchthatA ( n, �
A ( n � N , and ����������� ���������� kc � Nωc

2π ���C3
kδ � N δω

2π ����3 and

knc � N ωnc
2π ��� .

Theinput of theplantcanbewritten in thecomplex exponentialform as

x ( n, � A ( n, ejωcn. (4.35)

TakingtheDFT of x ( n, andapplyingthefrequency shift property, ��# k $ becomes��# k $����6# k " kc $ .

Theoutputy ( n, is

y ( n, � x ( n,R� h ( n, ,
andtherefore,��0�9�P y ( n, S is � # k $;� ��# k $Lq ? ej2π k

N @� ��# k " kc $�q ? ej2π k
N @ . (4.36)

TheweightsA ( n, areupdatedas

A ( n � 1, � A ( n, � µe ( n, e' jωcn. (4.37)
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Sincee ( n, � y ( n, � d ( n, , Equation(4.37)canberewrittenas

A ( n � 1, � A ( n, � µ # y ( n, � d ( n, $ e' jωcn� A ( n, � µe' jωcny ( n, � µe' jωcn K Dce
jωcn| jγc � Dce

jωncn| jγnc M� A ( n, � µe' jωcny ( n, � µDce
jγcejωcne' jωcn � µDnce

jγncejωncne' jωcn� A ( n, � µe' jωcny ( n, � µDce
jγc � µDnce

jγncejδωn. (4.38)

Applying theDFT to Equation4.38,leadsto��0�9�P A # n � 1$[S � ��0�9�P A ( n, S�� µ��0�9�N e' jωcny ( n, O �
µDce

jγc ��0�9�P 1S�� µDnce
jγnc ��0�9�Y ejδωn Z .

UsingDFT properties,thepreviousequationbecomes��# k $ ej 2πk
N � �6# k $8� µ

� # k � kc $8� µDce
jγcδ # k $8� µDnce

jγncδ # k " kδ $ . (4.39)

By substituting

� # k $ from Equation(4.36)into Equation(4.39)leadsto�6# k $ ej 2πk
N � �6# k $8� µ�6# k $�q ? ej2π k � kc

N @ µDce
jγcδ # k $�� µDnce

jγncδ # k " kδ $ . (4.40)

Thefinal expressioncanthenbeobtainedby groupingthetermsin �6# k $�6# k $ ? ej 2πk
N " 1 " µq ? ej # 2πk

N | ωc $ @A@ � µDce
jγcδ # k $T�

µDnce
jγncδ # k " kδ $ . (4.41)

Equation(4.41) shows that the weightshave componentsonly at k � 0 andk � kδ and

thusthe error only hascomponentsat ωc andωnc. Therefore,the controller doesnot createnew

frequencies. Influenceof thecontrollerin theerrorat ω � ωnc is evaluatedby replacingk � kδ in

Equation(4.41)which leadsto�6# kδ $ 5 ej
2πkδ

N " 1 " µq 5 e
j � 2πkδ

N | ωc � 7�7 � µDce
jγcδ # kδ $�� µDnce

jγncδ # kδ " kδ $� µDnce
jγnc. (4.42)
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Thus, �6# kδ $�� µDncejγnc

ej
2πkδ

N " 1 " µq�# ejωnc $ . (4.43)

Similar resultsmaybeobtainedby evaluatingEquation(4.41)atk � 0��# 0$ ? ej 2π0
N " 1 " µq ? ej # 2π0

N | ωc $ @D@ � µDce
jγcδ # 0$8� µDnce

jγncδ # 0 " kδ $� µDce
jγc. (4.44)

Thus, �6# 0$�� Dcejγcqz# ejωc $ . (4.45)

Using thefact that

� # k $�����# k " kc $Lq ? ej2π k
N @ ,  ¡# k $�� � # k $¢����# k $ canbeevaluated

as  £# k $B� � # k $8� Dnce
jγncδ # k " kδ $�� Dce

jγcδ # k $� ��# k " kc $�q¤? ej2π k
N @ � Dnce

jγncδ # k " knc $�� Dce
jγcδ # k " kc $� ¥ Dcejγcqz# ejωc $ δ # k " kc $8� µDncejγnc

ej
2πkδ

N " 1 " µq¦# ejωnc $ δ # k " knc $¨§�q ? ej2π k
N @ �

Dnce
jγncδ # k " knc $8� Dce

jγcδ # k " kc $ . (4.46)

At this point, Equation(4.46) shows that the error hascomponentsat ωc and ωnc only.

Furthermore,the disturbanceat ωnc doesnot affect the error at ωc. Accordingly, the disturbance

at ωc doesnot affect the error at the frequency ωnc. Thus, the controllerdoesnot generatenew

frequencies.

EvaluatingEquation(4.46)atk � knc theerrordueto thenoncontrolleddisturbanceis �# knc $©� µDncejγnc

ej
2πkδ

N " 1 " µq�# ejωnc $ q K ejωnc M � Dnce
jγnc. (4.47)
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Assumingthatδω is small(kδ JyJ N), thene
2πkδ

N \ 1 andEquation(4.47)canbesimplified

to  £# knc $B� µDncejγnc

ej
2πkδ

N " 1 " µq�# ejωnc $ q K ejωnc M � Dnce
jγnc\ µDncejγnc" µq�# ejωnc $ q K ejωnc M � Dnce

jγnc\ Dnce
jγnc 5 1 " 1qz# ejωnc $ q K ejωnc M 7\ 0. (4.48)

Equation(4.48)shows that the error tendsto zerowhenthe assignedfrequency tendsto

the exact disturbancefrequency (δω tendsto zero). This importantresultshows that thereis not

discontinuityin thesolutionin thevicinity of thetruesolution,providedωnc is notazeroor poleof

theplant.

However, assumingδω is sufficiently largeand
2
µq K ejωnc M 2 JyJ 1, leadsto

 £# knc $B� µDncejγnc

ej
2πkδ

N " 1 " µq�# ejωnc $ q K ejωnc M � Dnce
jγnc\ µDncejγnc

ej
2πkδ

N " 1
q K ejωnc M � Dnce

jγnc\ Dnce
jγnc ¥ 1 � µ

ej
2πkδ

N " 1
q K ejωnc M § . (4.49)

So, using
2
µq K ejωnc M 2 JyJ 1 andassumingthat

.
ejδω " 1

. \ 1, Equation(4.49) may be

approximatedby  ¡# knc $ \ Dnce
jγnc ¥ 1 � µ

ej
2πkδ

N " 1
q K ejωnc M §\ Dnce

jγnc. (4.50)

Theabove resultshows that thecontrollerhasvery little impacton thecomponentat ωnc

whenthis frequency is far from ωc andµ is small.
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E. SIMULATIONS

Simulationsareconductedto verify the mathematicaldevelopmentandto verify whether

the assumptionsmadeare reasonable.Recall that stability conditionswere derived assuminga

singlefrequency on theerrorsignal,andthusit is importantto verify thebehavior of thecontroller

if otherfrequenciesarepresentin e ( n, . Additionally, theAdaptive DisturbanceCancelleris aSISO

controller;therefore,it is necessaryto verify if it cancontrola hexapod,asit is a stronglycoupled

MIMO plant.

1. Single-Input/Single-Output System

The first simulation is intendedto evaluatethe algorithm convergencewhen the distur-

banceconsistedof a singletone.Themethodwasimplementedin Simulink asdescribedby Equa-

tions(4.20)and(4.21).Theplantusedwasasecondordersystemwith anaturalfrequency of 100Hz

anddampingof 3%andits outputwassampled1 3 000timespersecond.Thecontrolleralsoranata

1KHzsamplingrate.White noisewasaddedto theerrorsignal,with SNR � 20dB. Theresultsare

shown in Fig. 4.6.

Resultsshow that the controllerworks asexpected,even for sucha high noiselevel. In

addition,notethatthecontrollerdoesnotaffect thesystematuncontrolledfrequencies.

Thenext simulationstudiesthecontrollerbehavior whentwo tonesarepresentin thedis-

turbancesignal( fc � 33Hz and fnc � 47Hz), where33Hz is thedisturbanceto besuppressed.Fig-

ure4.7shows thatthecontrollercancelstheassignedfrequency anddoesnotchangetheunassigned

one(47Hz). Theweightsexhibitscomponentsat f � 0Hz (from fc), f � 14Hzand f � 80Hz. The

latter two valuesarepredictedby theoreticalresults,since
2
fd " fc

2 � 14Hz and fc � fd � 80Hz.

Figure4.8shows theperformanceof thealgorithmwhennoiseis addedto thesensors(e ( n, ).
Theoreticalresultspredictedthat this controllercannotbeapplieddirectly whenthephase
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of theplantis π
2 � 2kπ because

2
1 � µαejβ 2 � 2

1 � jµαsin# β $ 2L®
1. In orderto verify how sensitive to

thisparameterthemethodis, theplantwaschangedsothatits phaseat fc is almost90o. Figures4.9

and4.10show the resultingperformanceof thecontroller. As expected,themaximum
2
µ

2
is very

smallandthustheconvergencerateis very slow.

ThelastSISOsimulationteststheperformanceof thealgorithmwhenseveralcontrolledand

someuncontrolledfrequenciesarepresent.Figure4.11demonstratestheresultsfor four controlled

(10,14,34,and36Hz) andthreeuncontrolled(13,35and40Hz) tones.Noisewasaddedto theerror

signal.It is relevant to mentionthatamongthecontrolledfrequenciestherewere34,35 and36Hz,

whereonly 34 and36Hz areto besuppressed.Thegoalwasto verify how selective thealgorithm

is. Resultsshow thetoneat 35Hz is left untouchedwhile thetonesat34 and36Hzareattenuated.
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2. Multiple-Input/Multiple-Output System: The PPH

ThePrecisionPointingHexapodis ahighly coupledsystemasit is impossibleto moveany

nodeseparatelyfrom the others. The Adaptive DisturbanceCancellerwasdevelopedasa SISO

controllerandeitherthecontroller, mustbegeneralizedto a MIMO approach,or a multiple-SISO

approachmustbetaken(alsocalleddecentralizedcontrol).Previousattemptsin usingdecentralized

controlhadmixedsuccess.Beavers[11] did not obtaina goodperformancefor higherfrequencies

andthe performancefor lower frequencieswaspoorerthantheoneobtainedby usingtheMIMO

methods(Multiple-Error LMS, RepetitiveControl andClear Box [4, 14, 13]). Goodresultsusing

distributedcontrol(six independentSISOcontrollers)wereobtainedwith somecontrollers[27, 32].

Sinceprevious work exhibited mixed results,the mathematicalmodel developedin ChapterIII

(p.23)is followedto verify if thecouplingis alimiting factorfor theuseof theAdaptiveDisturbance

Cancelleron hexapods.

Thesimulationsetupwasexactly thesameasthatusedin SectionE (p. 55),but amultiple-

SISOimplementationwasusedandtheplantwaschangedto anS-Functionimplementingthemodel

of thehexapodaccordingto Equations(3.28)and(3.30),onpg.36. Simulationsweremadeto excite

thepiston(bouncing),tilt/tip, twist andshearmodes(seeFigure4.12).

Thefirst casesimulatedshows theperformanceof thecontrollerfor thevibrationaxisco-

incidingwith thez-axisandnorotationalcomponent(pistonmode),with a frequency of 40Hz. The

resultsareshown in Figures4.13and4.14. As onecansee,thedecentralizedcontrollerperformed

reasonablywell andno competitionamongthe controllerswasseenin steady-state.The nonlin-

earitiesin the plant modelareresponsiblefor the harmonicsseenin the error signalobserved in

Figure4.13(a).
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Figure4.12.Hexapodmodes[5].

The secondcasesimulatedwas the twist modein which the actuatorsneededto move

symmetricallyin orderto cancelthevibration.As Figures4.15and4.16show, theperformancewas

asexpectedandwasthesameasthatobtainedin thepistonmode.

In thenext case,a moregeneralvibrationdisturbancewassimulatedby makingeachcom-

ponentof thesignaldn haveadifferentamplitude(namely1, 3, 2, " 4, 3 and " 2m% s2). Figures4.17

and4.18show thecontrollerperformedaswell asin theprevioustwo cases.
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The last simulationaddeda secondtonal (50Hz) disturbanceto theprevious case(ampli-

tudes2,1,6," 12,1and " 5m% s2). This disturbancewasnot assignedto thecontrollerandtherefore,

wasnot beingcontrolled. The amplitudeswere the sameas thosefor Case3. It canbe seenin

Figure4.20thatthecontrollerperformedasexpected.
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Figure4.13.PPHSimulation,Case1, No Noise(Accelerometer#1).
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Figure4.14.PPHSimulation,Case1, Noisy (SNRd � 50dB) (Accelerometer#1).
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Figure4.15.PPHSimulation,Case2, No Noise(Accelerometer#1).
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Figure4.16.PPHSimulation,Case2, Noisy (SNRd � 50dB) (Accelerometer#1).
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Figure4.17.PPHSimulation,Case3, No Noise(Accelerometer#1).
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Figure4.18.PPHSimulation,Case3, Noisy (SNRd � 50dB) (Accelerometer#1).
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Figure4.19.PPHSimulation,Case4, No Noise(Accelerometer#1).
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Figure4.20.PPHSimulation,Case4, Noisy (SNRd � 50dB) (Accelerometer#1).
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F. COMMENTS

ThesimulationsverifiedthetheoreticalresultsandtheAdaptive DisturbanceCancellerex-

hibited good performanceeven when usedin a distributed configurationand in the presenceof

strongnonlinearities. It is also importantto mentionthat the vibration suppressionwasnot de-

gradedby thepresenceof noisein themeasurements.This resultwasconsistentfor boththeSISO

andtheMIMO simulations.

Thesimulationsalsoconfirmedthetheoreticalresultsabouttheunassignedfrequencies:the

controllerdoesnot affect theerrorat frequenciesdifferentfrom theassignedones,indicatingthat

this controlleris very selective.

It is importantto recognizethat the propertiesmentionedin the last two paragraphsare

interrelated:oneexists becauseof the otherandvice-versa. Sincethe controllerusesa synthetic

signalasinput,it is veryinsensitive tonoise.Butasyntheticreferencesignalassignedto anincorrect

frequency will preventthecontrollerfrom cancelingthedisturbance.

As expected,the controllerdid not generateany new frequency in the SISOsimulations,

which useda linearplant. ThePrecisionPointingHexapodmodelusedin theMIMO simulations

considersthe geometricnonlinearitiesof the hexapod. Thesenonlinearitiesgeneratedharmonics

that appearover the entire rangeof frequencies,althoughthe harmonicsarevery small because

the displacementof the top plate is small andthusthe anglesaresmall. Nonetheless,this effect

is expectedto be amplified if othernonlinearitiessourcesarepresent,suchasstatic friction and

backslash.

Note that one importantlimitation of this methodis the requirementfor the precisefre-

quency of the disturbanceor the performancewill suffer considerably. This effect was already

observed by Tsueiet al. in [33], which presenteda modifiedversionof the Filtered-XLMS with

syntheticinput.
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V. COMPUTATIONAL COST ESTIMATION

A. OVERVIEW

This chaptercomparesthecomputationalcostrequiredto implementtheAdaptive Distur-

banceCancellerandtheMultiple-ErrorLMS method.Bothcomputationalcomplexity andmemory

requirementsarecompared.

SectionB definesthemethodologyfollowedto estimatethecomputationalcost.SectionC

andSectionD presentthecomputationalcostfor theMultiple-ErrorLMS andtheAdaptive Distur-

banceCancellerrespectively.

SectionE comparesthecomputationalcostandmemoryrequirementsfor bothcontrollers.

Oneexampleis presentedin which a hexapodis usedto suppressthreetoneswith oneharmonic

each.

B. BASIC CONCEPTS

Vibrationcontrolrequireslargeamountsof computationalpower. Thefrequenciesinvolved

areusuallyhigherthanthetraditionalcontrolmethods;therefore,thesamplingratesarealsohigher.

One of the main purposesof this researchis to study a vibration methodthat requiresminimal

computationalresources.Thecontroller, afterbeingimplemented,shouldconsumetheleastamount

of electricalpower possible. Additionally, the computersystemshouldrequireas little spaceas

possible,sinceelectricalpower, weightandspacearevery expensive in spaceapplications.Ideally,

asinglelow-powermicrocontroller, with noexternalmemoryandnoexternalA/D convertersshould

beused.
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Floatingpointoperationsusedto bethemostexpensive operations;consequently, thecom-

plexity of analgorithmis traditionallymeasuredby countingfloating-pointoperations.It wasnot

uncommonfor a simplefloating-pointmultiplication to beemulatedin softwareor to needa ded-

icatedexternalchip to beexecuted.Theadvancesin microelectronicschangedthepicture: CPUs

have evolved.Thenew DSPCPUscanperformonefloating-pointmultiplicationasfastasthey can

performonefloating-pointsummationor even integermath. Table5.1 shows thespecificationsof

an embeddablemicrocontroller/DSP(Hitachi’s SH7410,a CPU for embeddeddevices). This mi-

crocontrollerCPUhasaDSPunit embedded,interruptcontrollers,memory, A/D converters,timers,

etc. The power consumptionis very small (0.5W versusabout60W for an Intel’s PentiumIII or

an AMD’ s Athlon). Therefore,if a vibration control solutioncanfit in a few dozenkilobytesof

ROM anddoesnotneedmorethanafew kilobytesof RAM, thesavingsin space,weightandpower

areverysignificant.As anevensimpleralternative, thecontrollercouldbeconvertedto useinteger

arithmeticor floating-pointemulationandusea CPU that doesnot supportfloating-point. These

aremoreeasilyavailableandcomewith awider arrayof features(somefeaturingeight12bitsA/D

conversorsandeightD/A conversors),makingit possibleto implementthecontrollerwith very few

componentsandlittle powerconsumption.

Voltage 3 * 3V
Operatingcurrent 110to 210mA
Operatingpower consumption 0 * 36 to 0 * 69W
Standbycurrent 5µA
Standbypower 20µW
Timeperoperation(fetch,multiply anddivide) 33ns% operation
ROM 48Kb
RAM 8Kb
Cycle/instructionbasicinstructions 1 cycle
Cyclesneededfor DSPmultiplication 1 cycle
Cyclesneededfor integermultiplication 1 to 4 cycles
Interruptcontrollerembedded
OtherFeatures Timers,A/D converters,serial

communication
Table5.1. Main Characteristicsof theSH7410(SH-DSP, SH2Family).
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In thelight of therealitiesof thenew CPUs,evaluatinganalgorithmpurelyby its floating-

pointcomplexity is clearlynotenoughanymore.Usingasinglemeasureis nolongerpossible,since

theperformanceof analgorithmwill dependheavily on theimplementationandon thearchitecture

of thehardware.

Thegoalof thecomputationalcostevaluationin this researchis moreambitiousthanjust

comparingdifferentmethods.It is intendedto beusedasaguidelineto evaluateif aparticularCPU

canbeusedto implementthealgorithmin realtime. As such,theevaluationof complexity estimate

will notmeasureonly floating-pointoperations.Thefollowing itemswill becounted:

Q Floating-Point Multiplication/Division( º f ) . Thesearesomeof themostimportantoper-

ationsastheir costcanbemuchhigherthanmostotheroperationswhenthecomputerdoes

nothave floating-pointoperationsimplementedin hardware.Q Floating-Point Sum/Subtraction( » f). Importantfor thesamereasonsaspresentedabove.Q Integer Multiplication ( º i ). Integeroperationscanbevery fastin complex CPUs.But the

low-costandlow-power onescanusuallybeslower for multiplication,takingseveralcycles.Q Integer Division ( ¼ i ). Integerdivisionsarea complex case.Somelow-endCPUsmaynot

implementa full setof division operations.Thussomesort of softwareemulationmay be

needed.Q Integer Sum/Subtraction ( » i). Theseoperationsareamongthefastestones,but alsoamong

the mostfrequent.For fastCPUs,they areasfastasmultiplicationsanddivisions. But for

low-endCPUs,summations/subtractions aremuchfaster.Q Matrix ElementAccess( º atr ). Almosteveryoperationin acomputeroccursin theCPU,and

mostinvolve registersthemselvesor registerandmemory. Fetchingdatafrom memoryto reg-

isterstakestime,which is very importantfor matrixmanipulations.Eventakinginto account
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thatmatrix operationsfrequentlyusethesamebaseaddress,they still involve mathematical

operationson theindex prior to fetchingtheactualvalue.Q TranscendentalFunctions( ½ ranc). Theactualimplementationof thesefunctionsvariesde-

pendingonthealgorithmused.Somededicatedhardwarearecanof performingsomeof these

operations,but usuallythey requireseveralCPUcycles.While thismaynotbeperceptiblein

fastparallelizingCPUs,thecostcanbequitehigh for simplerones.Operationsnotprovided

by theCPUmustbeemulatedin softwareand,again,thecomputationtime is verydependent

on thealgorithm,implementationanddesiredprecision.

C. MULTIPLE-ERROR LMS

A referencemustbeestablishedin orderto evaluatethenumericalcomplexity of thepro-

posedvibration suppressionmethod. The mostnaturalone is the Multiple-Error LMS dueto its

widespreadacceptance.

Theultimateobjective of any vibrationcontrolalgorithmis to generateinputsfor theplant

H, which in theMultiple-ErrorLMS is doneby usingtheEquation(4.4),reproducedbelow:

ui ( n, � Q ' 1

∑
q- 0

wq/ i ( n, x ( n " q, , (5.1)

wherex ( n, is thereferencesignal,wq/ i ( n, is theweightmatrix andQ is theorderof thefilter andui

is the i th input of theplant(0 J i J Ni � 1).

Thenumberof operationsnecessaryis�¾P ui ( n, S � � V Q ' 1

∑
q- 0

wq/ i ( n, x ( n " q, W� # Q " 1$R» f � Q��N wq / i ( n, x ( n " q, O� # Q " 1$R» f � Q # 1º f � 1» i � 2º atr $� # Q " 1$R» f � Qº f � Q» i � 2Qº atr , (5.2)
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where�¾P¢QTS meansnumberof operationsrequiredto evaluate Q .

Therefore,thenumberof operationsrequiredto calculatethewholevectoru ( n, is�¾P u ( n, S�� Ni # Q " 1$µ» f � NiQº f � NiQ» i � 2NiQº atr . (5.3)

Thenext stepis to calculatetheweightsat time n � 1. To do that,oneof the intermediate

stepsis to evaluatero / i for all q’s:�¿P ro / i ( n, S � � V P

∑
p- 0

ho / i ( p, x ( n " p, W� P» f �:# P � 1$À�¾P ho / i ( p, x ( n " p, S� P» f �:# P � 1$¢# 1º f � 1» i � 2º atr $� P» f �:# P � 1$�º f �:# P � 1$Á» i � 2 # P � 1$Àº atr , (5.4)

whereP is theorderof theestimateof theplantandho / i ( n, is theestimateof theoth outputof the

plant,dueto the i th input.

Therefore,theweightupdateoperationscountis��N wq / i ( n � 1, O � �ÂV wq / i ( n, � 2µ
No ' 1

∑
o- 0

eo ( n, ro/ i ( n " q,[W� 1º atr � 1» f �Ã� V 2µ
No ' 1

∑
o- 0

eo ( n, ro / i ( n " q, W� 1º atr � 1» f � 1º f �Ã� V No ' 1

∑
o- 0

eo ( n, ro / i ( n " q, W� 1º atr � 1» f � 1º f �:# No " 1$µ» f � No �¾P eo ( n, ro / i ( n " q, S� 1º atr � 1» f � 1º f �:# No " 1$µ» f �
No # 1º f � 1» i � 1º atr �Ã�¿P ro / i ( n " q, Sµ$ . (5.5)

The computationaleffort to evaluate ro / i ( n, is given by Equation (5.4) and is P» f �# P � 1$Rº f �Ä# P � 1$R» i � 2 # P � 1$�º atr . SinceEquation(5.5) needstime to be shifted to n " q,
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oneintegersummustbeaddedto theresult� N wq/ i ( n � 1, O � 1º atr � 1» f � 1º f ��# No " 1$R» f �
Noº f � No » i � Noº atr �
No # P» f �:# P � 1$�º f ��# P � 1$R» i � 2 # P � 1$�º atr �Å» i $� # No � 1 � 2No # P � 1$Æ$�º atr �:# 1 ��# No " 1$�� NoP$R» f �# 1 � No � No # P � 1$+$�º f �:# No � No # P � 1$8� No $Á» i� # 1 � No # 1 � 2 # P � 1$Æ$+$�º atr � No # P � 1$R» f �# 1 � No # P � 2$+$Àº f � No # P � 2$R» i. (5.6)

Therefore,it is possibleto evaluatethecomputationaleffort to evaluatethematrix W (of

dimensionsQxNi) by usingEquation(5.6)�¾P W ( n � 1, S � NiQ # 1 � No # 1 � 2 # P � 1$Æ$+$�º atr � NiQNo # P � 1$R» f �
NiQ # 1 � No # P � 2$+$Àº f � NiQNo # P � 2$µ» i. (5.7)

Therefore,the total computationaleffort requiredto implementthe Multiple-Error LMS

algorithmis thesumof theeffort to computeu ( n, andW ( n � 1,�¾P W ( n � 1, S��Ã�ÇP u ( n, S � NiQ # 1 � No # 1 � 2 # P � 1$+$+$Àº atr � NiQNo # P � 1$µ» f �
NiQ # 1 � No # P � 2$+$�º f � NiQNo # P � 3$R» i �
Ni # Q " 1$R» f � NiQº f � NiQ» i � 2NiQº atr� NiQ # 3 � No # 1 � 2 # P � 1$+$+$Àº atr �
Ni # Q # 1 � No # P � 1$+$=" 1$R» f �
NiQ # 2 � No # P � 2$+$�º f �
NiQ # 1 � No # P � 2$+$R» i. (5.8)
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Notethatit is safeto assumethatP
®y®

1 andQ
®y®

1 for complex plants.Applying these

assumptions,anapproximateestimateof thecomputationaleffort is�¾P ME " LMSS \ NiQ # 3 � No # 1 � 2 # P � 1$Æ$+$�º atr �
Ni # Q # 1 � No # P � 1$+$<" 1$R» f �
NiQ # 2 � No # P � 2$Æ$�º f �
NiQ # 1 � No # P � 2$Æ$R» i� 2NiNoPQº atr � NiNoPQ» f �
NiNoPQº f � NiNoPQ» i� NiNoPQ # 2º atr �Ã» f �Âº f �Å» i $ . (5.9)

Theimplementationof theMultiple-ErrorLMS usedfor theexperimentsdescribedin Sec-

tion VI.D usesa plant modelof order30 anda filter orderof 10. Therefore,an estimateof the

numberof operationswouldbe�ÇP ME " LMSS \ NiNoPQ # 2º atr �Ã» f �Âº f �Å» i $\ 103 800 # 2º atr �Ã» f �Âº f �Å» i $ . (5.10)

Not desiringto enterinto thedetailsof theCPUusedin theexperiment,it is assumedthat

the CPU takes only one cycle to perform eachof the computedmeasures.Therefore,the total

numberof CPUcyclesneededby thealgorithmfor eachiterationis�¾P ME " LMSS \ NiNoQ
2 # 2 � 1 � 1 � 1$�� 543 000. (5.11)

Sincethe samplingrateusedby the algorithmsin the Ultra-QuietPlatformare is 1KHz,

that meansthat the CPU would needto executemorethan54106 instructionsper second,which

givesan estimateof theclock needed.Theactualspeedneededwill alsodependon thecompiler
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optimization,onthecodeimplementationandonotheractivitiesthattheprocessormaybeexecuting

in parallel(I/O, D/A conversions,A/D conversions,filtering, context switching,etc).

Themicrocontrollerdescribedin theprevioussectioncanexecuteeachinstructionin 33ns,

or about3107 instructionspersecond.Therefore,thismicrocontrollercannotbeusedto implement

theMultiple-ErrorLMS on ahexapodif P È 30 andQ È 10.

1. Memory Requirements

An estimateof the algorithmmemoryrequirementsis very importantto decidewethera

particularhardwaresetupcanbeusedfor implementationor not. For microcontrollers,thisestimate

indicatesif the controller will fit in the on-chip memoryor not. For more complex CPUs,this

quantity is importantto verify if the applicationcan fit in the cachememory(much fasterthan

conventionalmemory).

Frompreviousdevelopmentsit is clearthattheMultiple-ErrorLMS cannotbeimplemented

in a low-powerCPU.Sincea full-fledgedprocessoris needed,onewith a largeon-chipcachecould

be selectedand ideally all the codeanddatawould run from the cacheand the speedwould be

improvedby a largefactor.

The biggestportionsof RAM memoryrequiredby the Multiple-Error LMS methodare

usedto hold theplant transferfunctionestimateH andtheweightW. Thus,thenumberof values

to bestoredis

memh �E# P � 1$ NiNo, (5.12)

astheplanthasorderP anddimensionsNi 4 No.

Similarly, theweightmatrix W demands

memW � QNi. (5.13)
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Thetotal memoryrequiredfor a Multiple-Error LMS controlleris approximatelythesum

of thememoryneededfor theestimateof theplantandweights

memMELMS
\ Ni # Q �:# P � 1$ No $ . (5.14)

Thenumberof elementsto bestoredfor thehexapodexampleis approximately

mem \ 6 4 # 10 �:# 30 � 1$ 4 6$�� 1 3 476. (5.15)

The total memoryis about6Kbytes(4 bytes/float). This is not a very large amountand

might possiblyfit in thecacheof theCPU(if oneis present).If thecodesizecanbekeptto asmall

reasonableamount(a few kilobytes),thenthewholecodeanddatacouldrun off thecacheandthe

speedgainswouldbesubstantial.

D. ADAPTIVE DISTURBANCE CANCELLER

Cost estimationfor the Adaptive DisturbanceCancelleris much easierthan that of the

Multiple-Error LMS approach.As in theprevioussection,thecomputationstartsby evaluatingthe

input to theplantusing�¾P u ( n, S � �¾P a ( n, cos# ωcn$8� b ( n, sin# ωcn$[S� �¾P a ( n, cos# ωcn$[S��Ã�¿P b ( n, sin # ωcn$[S�� 1» f " 2º atr " 1º f� 2 # 2º f �Å½ ranc � 3º atr $�� 1» f " 2º atr " 1º f� 3º f � 2½ ranc � 4º atr � 1» f, (5.16)

wherea ( n, andb ( n, aretheweightsof thecontroller.

Pleasenotethatthetimeneededto fetchthevariablesto thememorywasaddedasamatrix

operation,which is logical for multiple-frequency anddistributedimplementations.
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Theweightupdateequationcostcanbecomputedas�¾P a ( n � 1, S��Ã�¿P b ( n � 1, S � �¾P a ( n, � µe ( n, cos# ωdn$XS���¾P b ( n, � µe ( n, sin# ωdn$XSÉ"¡# commonpart$� 2�¾P a ( n, � µe ( n, cos# ωdn$[SÉ" 4º atr " 2º f� " 2º f " 2º atr � 2» f � 2�¾P µe ( n, cos# ωdn$ÊS� " 2º f " 2º atr � 2» f � 2 # 3º f � 1½ ranc � 4º atr $� 4º f � 2½ ranc � 6º atr � 2» f . (5.17)

By summingvaluesfrom Equation(5.16)andEquation(5.17),thecostis�¾P ADC S � º f � 2½ ranc � 6º atr � 2» f � 3º f � 2½ ranc � 4º atr � 1» f� 4º f � 4½ ranc � 10º atr � 3» f . (5.18)

Transcendentalfunctionsareverycostly, andit is reasonableto computeandstorethemfor

usein both partsof the algorithm. Ideally, thesevaluesmay be storedin registers. However, the

worstcase,in which thevaluesarestoredin conventionalmemory, wasassumed.Thus,�¾P ADC S � 4º f � 2½ ranc � 14º atr � 3» f. (5.19)

Notethat �¾P ADC S maybehalvedwhentheprocessorusedto implementthealgorithmhas

a largenumberof registersor temporaryvariablesarecarefullyarranged.

Now, thenumberof computationsrequired,assumingNc controllersrunningin paralleland

Nf frequenciesto becontrolled,is�¾P ADC S Nc / Nf
� NcNf # 4º f � 2½ ranc � 14º atr � 3» f $ . (5.20)

It is importantto realizethat theabove estimatedid not assumethecodeto beoptimized,

andtheactualcostestimatecanbeimprovedby saving temporaryresults.
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Theactualcountobtainedfor a hexapodcasecontrollingcontrollingsix frequencies(three

fundamentalsandthreeharmonics)is:�¿P ADC S 6 / 6 � 36 # 4º f � 2½ ranc � 14º atr � 3» f $ . (5.21)

Sine/cosinefunctionscanbeevaluatedby usingaseriesexpansionor a tablelook-upif the

CPU doesnot have themimplementedin hardware. Theseriesexpansionwould take around300

cycles( \ 20 terms)if eachoperationcouldbeperformedin onecycle. Sincethe implementation

only needs12 suchexpansionspercycle, thenumberof operationswouldbe�¾P ADC S 6 / 6 \ 36 4 # 4 � 14 � 3$8� 300 4 12\ 4 3 356. (5.22)

Thus,thetotal time would beapproximately144µswhentheCPUmentionedin Table5.1

(p. 76) is used.Notethatthecalculationof thetranscendentalfunctionevaluationis responsiblefor

mostof this time(82%).A tablelook-upwouldeasilyreducetimeto amuchmorereasonablevalue

(lessthan100µs) at thecostof addedmemory.

1. Memory Requirements

TheAdaptiveDisturbanceCancellercontrollerrequiresverylittle memory, asonly six vari-

ablesneedto be storedand someof thesecan be sharedamongdifferent controllers. The total

numberof variablesneededis

memNi / Nf � 4NiNf � Nf � 1. (5.23)

Therefore,thepreviousexamplewouldneed151floating-pointvalues,or about604bytes.

Almost any microcontrollerthat is fastenoughto implementthe Adaptive DisturbanceCanceller

will have thatamountof RAM embeddedin thechip.
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E. COMPARISON AND COMMENTS

In someways,comparingthecomputationalandmemoryrequirementsof bothalgorithms

is not reasonable,sincebothstartfrom differenthypotheses.TheMultiple-ErrorLMS approachre-

quiresbothareferencesignalandacompletemodelof theplanttransferfunctionwhereastheAdap-

tiveDisturbanceCancellerrequirestheknowledgeof thedisturbancefrequency, noreferencesignal

andan approximatemodelof the transferfunction only at the frequenciesof interest. Although

thereis someoverlap,eachmethodhasdifferentstrengths.In addition,notethattheMultiple-Error

LMS methodmostcertainlyneedsa full computingsystemto beimplementedin real time, which

meansaddingmemorychips, interruptcontrollers,A/D andD/A converters,timers,considerable

spaceand much electricalpower. Furthermore,the cost increaseslinearly with the plant model

andtheorderof thefilter, and,asa result,complex systemsrequiremuchmorecomputationsthan

simplerones.

Ontheotherextremeis theAdaptiveDisturbanceCanceller, for which,in thestudiedexam-

ple, only 4,500operationsper iteration(726operationsperassignedfrequency) and151variables

areneededfor thesix actuatorscontrollingsix frequencieseachwith emulatedsin/coscalculations.

The Adaptive DisturbanceCancelleris alsovery scalable:the complexity increaseslinearly with

thenumberof frequenciesto becontrolled,but remainsconstantwith theplantorder.

It is worth mentioningherethat a full Adaptive DisturbanceCancellersolutioncould be

implementedfor a hexapodwith only a few chips:a microcontroller(which would includetimers,

A/D converters,D/A converters,watchdog,interruptmanager, serialcommunication,etc)andana-

log anti-aliasingfilters. Powerconsumptionwouldbequitelow: mostlikely below 1W. Finally, the

wholecontrollerwouldbesmallenoughto bemountedin theemptyspacebetweentheactuators.
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Quantity Expression

Comp.Cost

ADC NcNf # 4º f � 2½ ranc � 14º atr � 3» f $
ME-LMS NiNoPQ # 2º atr �Å» f ��º f �Å» i $

Mem. Req.

ADC 4NiNf � Nf � 1

ME-LMS Ni # Q �:# P � 1$ No $
Table5.2. ComputationalCostandMemoryRequirementEstimates.

Quantity Adaptive DisturbanceCanceller Multiple-ErrorLMS

Cost/iteration 4 3 356 543 000

Memoryestimate \ 604bytes
®

6 3 000bytes

Numberof Frequencies:three,oneharmoniceach

Numberof Inputs:six

Numberof Outputs:six

Oneoperation/ cycle

Floating-pointsimplementedasfloats

Table5.3.Adaptive DisturbanceCanceller4 Multiple-ErrorLMS.
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VI. EXPERIMENTAL RESULTS

A. OVERVIEW

This chapterdescribesthe implementationof the Adaptive DisturbanceCancelleron the

two hexapodsdescribedin ChapterII (p. 9).

SectionB givesanoverview of someof thechallengesfacedwhensolvingthevibrationiso-

lation problemusingthePrecisionPointingHexapod.Thesechallengesrangedfrom inappropriate

designto hardwarefailure.

SectionC describedthe resultson thePrecisionPointingHexapod,which exhibits strong

nonlinearities.Experimentsshow thattheAdaptive DisturbanceCancelleralgorithmandthehexa-

pod configurationarenot sensitive to the vibration axis. This indicatesthat the hexapodandthe

Adaptive DisturbanceCancellerareadequatefor ageneric,off-the-shelfvibrationisolationmount.

The Ultra-Quiet Platform was specificallydesignedfor vibration isolation and thus has

betterlinearity propertiesthanthePrecisionPointingHexapod,makingit a bettertestbedfor com-

parisonwith theMultiple-ErrorLMS. SectionD (p. 104)presentstheresultsof this comparison.

B. EXPERIMENTAL CHALLENGES

This researchwasto bedevelopedentirelyon thePrecisionPointingHexapod,which had

not yet beendeliveredwhenthe researchstarted.Oncedelivered,several testswereconductedto

verify its behavior andalsoto validatethemathematicalmodelthathadbeendevelopedprior to the

availability of thehardware.
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The very first experimentconsistedin exciting the bouncemode,in which all the actua-

tors were excited with the samesine wave. The output of eachaccelerometerwas then sentto

an oscilloscopeandto a spectrumanalyzer. The first andmostimportantconclusionwasthat the

systemexhibitedseverenonlinearity. Harmonicsup to 2 * 4KHz wereobservedwhentheinput sig-

nal containedonly a 50Hz sinusoidalsampledat 1KHz. Theexperimentwasrepeatedwith a 5Hz

sinuwave andtheresultswerenot assevere. Thefirst experimentwasrelevant from thevibration-

isolationperspective andthesecondexperimentwasimportantfor positioncontrol(pointing). The

next experimentstestedtheshaker. Thesuppliedshaker wasa 25W ceramicshaker with frequency

responsepeakat 42Hz. Theusefulrangewasbetween10 and100Hz.

Realizingpotentialproblemswith aliasing,the first experimentsweremadeusing lower

frequencies(10Hz) in orderto have all harmonicsbelow 500Hz. Larger travel of theactuatorswas

neededat theselower frequenciesin orderto obtainanaccelerationlargeenoughto obtaina good

SNR.As aresult,theshaker requiredmorepowerandoperatedverycloselyto its 25Wspecification

at thelower andof thefrequency range(10Hz). Exciting theshaker at suchpower levels increased

its own nonlinearityeffects.

The designof the hexapod,asdelivered,hadthe accelerometerasa structuralpart of the

strut, asshown in Figure6.1. In this design,the full force actingon the strut passedthroughthe

caseof theaccelerometer.

While runningthefirst experiments(low frequency dueto aliasingproblems),thealgorithm

sometimesbecameunstableandthe actuatorshit their limit (40N eachactuator).Turningoff the

controllermanuallywasnot an option becauseit wasimplementedin softwareandthus it failed

whenthesoftwareenteredanunresponsive state.Disablingthepower supplyof theactuatorsman-

ually wasnoteasybecausetheswitchis locatedbehindthepoweramplifier. Evenif theaccesswere
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Figure6.1. Old AccelerometerAdapter.

easier, it still dependson a fastresponseby the operator. Due to theoriginal design,the force of

theimpactwastransmittedthroughthecaseof theaccelerometersandtwo of themendedup being

damaged.

Sincetwo accelerometerswerealreadydamaged,all experimentswerehalteduntil thede-

signflaw wascorrected.Thiswasdoneby redesigningtheadapterssothattheaccelerometerswere

inline with thestrutaxisbut no forcewastransmittedthoughits case.Thenew adapter, afterbeing

assembled,is shown in Figure2.7.

Although damagingthe accelerometerswas no longer a concern,preventing damageto

othercomponentsif thecontrollerbecameunstablewasstill aconcern.Therangeof theaccelerom-

eterswas I 2g or 0 * 5 to 4 * 5V, assumingnominalsensitivity. It wasthenassumedthatif thevoltage

fell outsidetherangeof theaccelerometer, thenanunsafeconditionoccurredandpreventive action

hadto be taken. The actionselectedwasto curtail power from both theactuatorsandtheshaker.

In orderto do that, a circuit wasdesignedto monitor the outputof oneof the accelerometers.A

window testedthevoltageandcut thepower supplyof theactuatorsandtheshaker if thevoltage
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wasbeyondsafelimits. Thepower couldonly berestoredby pressingthe resetswitch. A manual

panicbuttonwasalsoincludedandhadthesameeffectasif theaccelerometer’s outputwerebeyond

acceptablelimits.

Although this circuitry preventeddamageto the experimentalhardware, it still did not

solve thealiasingproblems.Additional hardwarefilters wereneeded.Amongtheseveraloptions,

switchedcapacitorfilters were selected. Thesefilters requireonly two capacitorsand one inte-

gratedcircuit. Thecutoff frequency couldbeselectedby anexternaloscillator. Switched-capacitors

anti-aliasingfilters wereimplementedfor all accelerometers.

Oncethesafetydeviceandanti-aliasingfilterswereimplemented,severalexperimentswere

conducted.In orderto generateaccelerationlevelshighenoughfor agoodSNR,theshakerhadto be

drivenvery closelyto its power dissipationlimits. To solve this problem,eithertheaccelerometers

or theshaker hadto bechanged.Therefore,theshaker wasreplacedby a largermodel50W. This

reducedboththeoverheatingandtheshaker nonlinearities.

Thenext importantconsiderationwastheball joint clearance.Themanufacturerstatedthat

theclearancewasaround2 " 4µm for eachjoint. Fromthesimulationsandexperimentalresultsit

wasdeterminedthat theamplitudeof thevibrationwasin theorderof 20 " 50µm. Therefore,the

joint clearancewasfoundto bethenext problemto beaddressed.Thebestsolutionwasto replace

theball joints by flextures.Anotheroptionwasto preloadthejoints.

Sincepreloadingthe joints wasfasterandlessexpensive, it wastheapproachfirst tested.

All jointswerepreloadedandtheexperimentsrepeated.Severalexperimentsfor whichconvergence

wasnot achieved previously did converge after preloadingthe joints. This wasthefinal setupfor

theexperimentsconductedin this research.
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C. PRECISION POINTING HEXAPOD

Thehardwaresetupis thatdetailedin SectionII.C (p. 15). Theonly modificationwasthe

preloadingof the joints with springs,in orderto reducethebacklashpresentin the joints (around

3µmperjoint, accordingto CSA).A sinusoidalsignalof 50Hzwassentin phaseandwith thesame

amplitudeto all actuatorsto evaluatetheeffectof thisbacklash.Thepowerspectrumdensityof the

accelerometersshowed lines at 50Hz intervals until around2 * 4KHz. Thesolutionwasto preload

the joints with springs. Unfortunately, this introducedaxial forceson the actuatorsaxis which,

accordingto Moltran,createdmorestaticfriction.

The controller box was implementedexactly as definedin the equationsgiven in Sec-

tion IV.C (p.46). Theparameterµwascoarselytunedfor eachfrequency beingcontrolled.Adaptive

DisturbanceCancellercontrollerswereimplementedin parallelandtheoutputssummedin orderto

controlmorethanonefrequency.

Severaldifferentmodesof vibrationweretestedin orderto evaluatethealgorithmsensitiv-

ity. Thedefinitionof themodesis shown in Figure4.12(pg.63).

1. Along Z-Axis

In this experimentthe shaker wasmounteddirectly underthe bottomplate,at the center.

Thevibrationaxiswascoincidentwith thez-axis.

Thefirst casestudiedwasthesingletonal,at 40Hz. Harmonicsdueto nonlinearitieswere

presenton the errorsignal. The resultsobtainedbeforeandafter thecontrollerareshown in Fig-

ure 6.2. As canbe seen,the controllerdid suppressthe controlledfrequency (40Hz), but the vi-

brationat the harmonics(80 and120Hz) wereincreased.The floor noiseremainedunaltered,as

expected.
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Figure6.2. Z-Axis, OneTone.
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Figure6.3shows theresultswhen40 and80Hz frequencieswerecontrolled.As expected,

the componentsof the error signalat both frequencieswerereducedto the noisefloor. Note that

thesecondharmonic(120Hz) increasedup to about30dB, asit wasnot controlled.This effect was

specificallydueto thenonlinearitiesof thehexapod.

2. Tilt-Tip

Anotherinterestingconfigurationwasthetilt-tip asit wassimpleto understandthemove-

mentandthedisplacementof theactuators.Theshakerwasmountedwith thevibrationaxisparallel

with thez-axis,with its centerlocatedon thex-y plane.This configurationdid not involve transla-

tional movement.

Figure6.4shows resultsfor asingletonein which theselectedfrequency (40Hz) wassup-

pressed.Notethatthestaticfriction is believedto beresponsiblefor theincreaseon theharmonics.

As expected,therewasnosignificantchangein thenoisefloor.

Next, the systemwassetupto control disturbancesat 39Hz and40Hz. As expected,the

controllerneededa longertime to converge. Anotherimportantfinding wasthat the strongstatic

friction exhibited by the actuatorsgeneratedseveral harmonicsmultiple of 1Hz, which was the

differencebetweenthe two frequencies.The two assignedfrequencieswereactuallysuppressed,

but theenergy levelson theuncontrolledharmonicswereincreased(Figure6.5).

3. Twist and Shear

In this experimentthe shaker wasmountedwith its centeron the x-y plane,with the vi-

bration axis perpendicularto it. This mainly excited the twist mode. The results,presentedin

Figures6.6and6.7,wereasexpected.
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Figure6.3.Z-Axis, Two Tones.
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Figure6.4.Tilt/Tip, OneTone.
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Figure6.5. Tilt/Tip, Two CloseTones.
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Figure6.6.Twist, OneTone.

99



0 50 100 150
−70

−60

−50

−40

−30

−20

−10

0

10

f(Hz)

Ac
ce

l (
dB

m
/s

)

(a)Before

0 50 100 150
−70

−60

−50

−40

−30

−20

−10

0

10

f(Hz)

Ac
ce

l (
dB

m
/s

)

(b) After

Figure6.7.Twist, Two Tones.
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For the last experiment,shearmode,the shaker wasmountedon the x-y plane,with the

vibration axis along the vector x̂ Ë ŷ, where x̂ and ŷ are definedaccordingto Figure 2.1. This

inducesa translationalmovementto thehexapod(muchmorecomplex thana translationalongthe

z-axis).Theresultsshown in Figures6.8and6.9wereagainasexpected.

4. Comments

It is very importantthat thealgorithmperformsreasonablywell in mostcases,in spiteof

all nonlinearitiesexhibitedby thePrecisionPointingHexapod.It is alsoimportantto mentionthat

thesensorsusedin this hexapodhada very wide rangeÌ 2g, andthusthedisturbancelevel hadto

bequitelargein orderto excite theaccelerometers.

Anotherveryinterestingconclusionis thatthehexapodwasquiteinsensitive to thevibration

type (linear/angular)anddirection. The experimentssubjectedthe hexapodto disturbancesfrom

severaldirections.Theperformanceof thecontrollerin all casesshowedthat theStewart Platform

is indeeda goodconfigurationfor agenericvibration-isolationmount.
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Figure6.8. HorizontalShear, OneTone.
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Figure6.9. HorizontalShear, Two Tones.
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D. COMPARING THE PRECISION POINTING HEXAPOD TO

THE MULTIPLE-ERROR LMS

It is veryimportantto comparetheresultsobtainedwith theAdaptiveDisturbanceCanceller

to thoseobtainedwith theMultiple-Error LMS algorithm,andthesamehardwaremustbeusedin

orderto performafair comparison.TheUltra-QuietPlatform,describedin SectionII.B (p. 10),was

selectedbecauseit exhibits betterlinearity propertiesthanthePrecisionPointingHexapod.

1. Results

First,anexperimentwassetupwith asingletoneat95Hz in orderto verify theUltra-Quiet

Platformcharacteristicsandhow well theAdaptive DisturbanceCancellerperformed.The results

of thisexperimentareshown in Figure6.10.As canbeseen,theharmonicswereamplified,but the

desiredfrequency waseffectively suppressed.Figure6.10(b)showsthatthecontrollerdid notaffect

otherfrequenciesotherthantheassignedone.

Next, a secondexperimentwasconductedin whichfivedisturbances(65,95,125,130and

195Hz) weretobecontrolledto verify thebehavior of thecontrollerunderamorecomplex situation.

LMS-basedfilters do not performwell undertheseconditions[15]. As canbeseenin Figure6.11,

theAdaptive DisturbanceCancellerwasableto suppressall theassigneddisturbancessuccessfully.

It canalsobeseenthattheerrorsignalfor theuncontrolledcaseshowsfrequency contentsotherthan

the five tones. Thesearebelieved to be a consequenceof the cross-couplingamongthe different

frequenciesdueto nonlinearities.This effect wasnot observed in the linear simulationsandwas

observedin thesimulationsusingthePrecisionPointingHexapodmodel.
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Figure6.10.Adaptive DisturbanceCancelleron UQPwith OneTone.
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Figure6.11.Adaptive DisturbanceCancelleron UQPwith FiveTones.

Having verified that theperformanceof theAdaptive DisturbanceCancelleron theUltra-

QuietPlatformwaswithin theexpectedparameters,aseriesof experimentswereconductedin order

to comparetheAdaptive DisturbanceCancellermethodwith theMultiple-ErrorLMS.

Oneimportantcharacteristicof the Multiple-Error LMS is the requirementof a reference

signal. This signal is usedboth to generatethe estimateof the signal r Î nÏ and to generatethe

input to theplantthroughthefilter W. It is expected,therefore,thata noisyreferencewill degrade

significantlytheperformanceof LMS-basedmethods.With this informationin mind theME-LMS

experimentswereperformedwith bothnoisyandnoiselessreferencesignals(SNR between21 and

25dB).

The first set of experimentshad a disturbancewith a single tone at 95Hz. As seenin

Figure6.12,both the Adaptive DisturbanceCancellerandthe noiselessMultiple-Error LMS had

106



almostthe sameperformanceover the entirespectrum. It wasexpectedthat the noisy Multiple-

Error LMS would not performaswell, andthis wasconfirmedin theexperiment.Thenoisefloor

wassignificantlyraisedathigherfrequencies,signalingthattheMultiple-ErrorLMS doesrequirea

cleanreferencesignalin orderto performwell.

Thesecondexperimentconsideredthesumof two closesinusoidals(95 and96Hz). Ade-

quatelyisolatingclosely-spacedtonesis very importantfor largestructures.Thebeatingfrequency

is verysmallandstructuralnonlinearitieswill demodulatethis low-frequency. Sincemoststructural

modesareat low frequencies,this cancompromisethe goal of the vibration isolation. As seen

in Figure6.13,neitherof themethodswasableto suppressbothdisturbancescompletely, andthe

Adaptive DisturbanceCancellerhadtheworstperformance.Oneof theexplanationsfor thepoorer

performanceof theAdaptiveDisturbanceCancellerwasthetuningof thelearningcoefficientµ. The

coefficient wascoarselytunedandwasnotoptimizedfor any particulardisturbanceconfiguration.

Another important fact that the experimentuncovered was that the floor noise of the

Multiple-ErrorLMS with noisyreferencewasabout20 Ð 35dB abovethenoisefloor of theAdaptive

DisturbanceCancellerandtheMultiple-ErrorLMS with noiselessreference.

The last experimentsetcomparedboth theAdaptive DisturbanceCancellerandthenoisy

Multiple-ErrorLMS whencontrollingthreefrequencies.As seenbefore,theAdaptive Disturbance

Cancellerintroducedseveralpeaksin thepower spectrumof theerrordueto cross-couplingintro-

ducedby nonlinearities.Figure6.14shows that theAdaptive DisturbanceCancellerdid introduce

several termsdueto cross-coupling,someabout10 Ð 20dB above thenoisefloor. Thenoisefloor

wasalsoraisedby 5 Ð 10dB comparedto theuncontrollederror. Althoughbothmethodswereable

to suppressthedisturbances,thewide-bandnoiseintroducedby theMultiple-ErrorLMS with noisy

referencerangedfrom 20 to 40dB.

107



2. Comments

As seenfrom the plots, the Adaptive DisturbanceCancellerperformanceis very similar

to theperformanceof theMultiple-Error LMS with noiselessreference.Whennoisewasinjected

in the disturbance-correlated signal, the Multiple-Error LMS performancesuffered significantly:

althoughthe actualdisturbanceswere suppressed,the noisefloor was raisedconsiderably. The

AdaptiveDisturbanceCancellerwasnotaffectedby thisbehavior becausetheinformationaboutthe

disturbance(frequency) is assumedto beknown a priori andthusthereferencecanbesynthetized

without noiseinterference.

Anothervery importantfact was cross-couplingdue to nonlinearitiesamongthe several

frequenciesverified in theexperimentwhenseveral frequencieswereinvolved. Although this ef-

fect wasfirst noticedusing the Adaptive DisturbanceCanceller, it alsooccurredin the noiseless

Multiple-Error LMS. The most importantconsequenceis the inability of the studiedmethodsto

dealwith several simultaneousfrequencies(seenin the experimentshown in Figure6.15). This

meansthat the mosteffective vibration-isolationapproachis to isolatethe vibration at its source,

wherefewer frequenciesarepresentandthusactive vibrationisolationis moreeffective.
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Figure6.12.Comparisonwith ME-LMS — SingleTone.
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Figure6.13.Comparisonwith ME-LMS — Two Tones.
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Figure6.14.Comparisonwith ME-LMS — ThreeTones.
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Figure6.15.NonlinearityEffecton theME-LMS — FiveTones.
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VII. SUMMARY AND CONCLUSIONS

Thenew generationof opticalpayloadsimposesstricterrequirementson thevibrationlev-

els,challengingthedesigners.Thesehigherstandardsmakeit verydifficult tomeettherequirements

usingonly passive isolationandthusactive solutionshave beenpursued.TheStewart Platformis

identifiedin theliteratureasthemostpromisingsystemfor localvibrationisolation,asit cangener-

ateforcesandtorquesin any direction.As addedbonuses,hexapodsexhibit verygoodstiffnessand

high force-to-weightratio. Finally, hexapodscanalsobeusedto provide finepointingcapabilityto

thepayloadif theactuatorsarecapableof longstrokes.

Several techniquesfor vibration isolationhave beendevelopedsince1981whenWidrow

andBurgesspresentedthe original Filtered-X LMS, but the researchof vibration isolationusing

hexapodsincreasedappreciablyonly afterthefirst half of the1990’swhenfasterDSPchipsbecame

available.Unfortunately, theconditionsin spacearenotasforgiving asontheground:weight,space

andelectricalpower arestrictly limited. Therefore,althoughseveralvibrationisolationtechniques

areavailable, the computationalresourcesrequiredlimit their employment on currentspacecraft

designs.

In 1998BertranandMontoropresenteda very simplealgorithmcapableof performingvi-

brationisolationonSISOsystems.Takingadvantageof thefactthatthehexapodsusedin vibration

isolationusesmartstruts,eachstrut canbe viewed asa SISOsystem,and thereforethis simple

methodcanbe employed on hexapods. The algorithmis inexpensive enoughto be implemented

with only asmallfractionof thecomputationalrequirementsof thedefactostandardMultiple-Error

LMS. A deeperreview of theliteraturerevealeda lackof astabilityanalysisfor thissimplermethod
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that takesinto accounta genericplant. An analysisof the influenceof non-controlledfrequencies

on theperformanceof thealgorithmwasalsomissing.

It wasnot known initially if the algorithmwould work properlyon a hexapoddueto the

strongcoupling amongthe struts. Therefore,it was importantto simulatethe hexapodin order

to evaluatethe Adaptive DisturbanceCancellerin a controlledenvironment. Due to the unique

characteristicsof thePrecisionPointingHexapod,anappropriatemodelcouldnot be found in the

researchandthereforea suitablemodelwasderived. The modeltakes into accountall geometric

nonlinearitiessothatit canalsobeusedfor pointing.

TheMultiple-Error LMS is useda asreferencethroughoutthework dueto its acceptance

andgoodperformance.TheMultiple-Error LMS algorithmwasre-derivedandtheresultingequa-

tions usedfor thecomputationalrequirementsestimation.So that theAdaptive DisturbanceCan-

cellercouldbeappliedin spacecraft,a rigorousanalysisof stability wasprovidedanda guideline

for the learningcoefficientµ selectionwasalsoincluded.

Resultsshow the methodto be very selective and not to affect the error at frequencies

unassignedto the controller. As a result, the actuatorsdo not needto be oversized to prevent

saturation,asis thecasewith theMultiple-ErrorLMS andothermethodsthatuseareferencesignal.

Simulationson a SISOplantwereconductedto validatemathematicalresultsandconfirm

thealgorithmhigh selectivity. Simulationswerealsoconductedon thePrecisionPointingHexapod

modelto verify the influenceof thecoupling. Resultsshow that thecouplingdid not compromise

theperformanceof thecontrollersignificantly.

A full setof experimentswasconductedon bothhexapods.ThePrecisionPointingHexa-

pod, due to its ball joints, exhibited large nonlinearities. Despitethe severe nonlinearities,the

methoddid cancelthe assignedfrequencies,althoughthe amplitudeof the unassignedharmonics

increased.
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Experimentson theUltra-QuietPlatformwererequiredto comparethe resultsagainstthe

Multiple-Error LMS algorithm. The proposedmethodhasapproximatelythe sameperformance

of theMultiple-Error LMS algorithmwhenno noiseis presenton the referencesignal. However,

Multiple-Error LMS performancewassignificantlydegraded,generatingwide-bandnoiseon the

errorsignalwhennoiseis presentonthereferencesignal.TheAdaptiveDisturbanceCancellerdoes

not suffer from thisproblembecauseno referencesignalis used.

TheUltra-QuietPlatformwasbuilt for vibration isolationandcloseattentionwaspaid to

linearity. Even so, multiple-frequency experimentsshowed that both methodssuffered from the

nonlineareffects,generatingseveralharmonics.Theeffect is moredramaticin theMultiple-Error

LMS implementationwhennoiseis presentin thereferencesignal,increasingthenoisefloor of the

error signalat higher frequenciesBoth methodswereableto cancelthe disturbanceseven in the

presenceof nonlinearities.

Finally, computationalcostsfor theMultiple-ErrorLMS andtheAdaptiveDisturbanceCan-

cellermethodswerecomputedandcompared.Traditionalcostanalysisusesfloating-pointopera-

tionscount,but recentadvancesin microelectronicsdecreasedthecostof theseoperationsandother

operationsmustalsobecounted.Additionally, memoryrequirementsfor bothmethodswereevalu-

ated,providing thedesignerwith somevaluableinformationwhenselectingthehardwareto beused

for implementation.Thecomputationalcostrequiredby theAdaptiveDisturbanceCancellercanbe

smallerthanonetenthof theMultiple-ErrorLMS requirementsandsimilar resultsareobtainedfor

thememoryrequirements.
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A. CONTRIBUTIONS

Oneof the main contributions of this work is the approachfrom the computationaleffi-

ciency perspective. Although muchresearchhasbeendoneon vibration isolation,no work that

focusedon computationalefficiency wasavailablepreviously.

Researchshowed that the methodselectedlacked a stability analysisfor a genericplant,

anda stability analysiswasderived. In addition,a guidelinefor theadaptationrateµ selectionwas

presented.

In addition,thiswork providesananalysisof crosstalkinterference,predictingtheinfluence

of uncontrolledfrequencies,whichhasnotbeenaddressedby theresearchcommunityuntil now.

A fully nonlinearstate-spacemodelsuitablefor vibrationandpositionsimulationof large

andsmall angleswasdevelopedfor thePrecisionPointingHexapod. This modelsharesthe large

anglescharacteristicsfoundin theroboticsliterature,without therestrictionof smallaccelerations

and is suitedfor the geometryof the PrecisionPointingHexapod. The modelsof the actuators

accelerometerswere includedin the model, allowing it to be usedas a tool for simulationand

control.

Eventhoughsimulationswereusedin orderto betterunderstandthemethod,all the theo-

retical resultswerevalidatedexperimentally. Theexperimentson thePrecisionPointingHexapod

revealedtherobustnessof themethodto nonlinearities.Theseexperimentsalsoreinforcedthefact

that themethodis robust to sensornoise,consistentlyachieving suppressionlevel below thenoise

floor.

A performancecomparisonwith theMultiple-ErrorLMS algorithmwasconducted,includ-

ing caseswith noisy reference,which substantiallydegradedthe behavior. It wasexperimentally
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shown that theAdaptive DisturbanceCancellerdeliversperformancecomparableto theMultiple-

ErrorLMS in theoptimalcaseof noiselessreferencesignal.If theMultiple-ErrorLMS usesanoisy

referencesignal,its performanceis degradedandtheAdaptive DisturbanceCancelleroffersbetter

results.

Finally, the computationalrequirementsanalysisof both theMultiple-Error LMS andthe

Adaptive DisturbanceCancellermethodswere included. This analysisrevealedthat the simpler

Adaptive DisturbanceCancellercan deliver at least the sameperformanceof referencemethod

using1× 10 or lessof thecomputationalresourceswhenthefrequency informationis available.

B. SUGGESTIONS FOR FUTURE RESEARCH

Improving on the Adaptive DisturbanceCancelleris not aseasyas it might seem,since

performanceimprovementmustbe carefully balancedagainstsimplicity. The main researchob-

jective wasto have thesimplestvibrationsuppressorpossible,andimprovementsmight easilyadd

complexity thatwill defeatthemaingoal.

TheAdaptiveDisturbanceCancellerhastwo mainweaknesses:theneedfor preciseknowl-

edgeof the frequency anda frequency-dependent learningrate(µ). The first issuecanor cannot

berelevant in practicalsituations.Severalsubsystemsprovide asoutputstheir frequency or operate

at a fixed,known, frequency; othersdo not. If the frequency is not readilyavailable,thenext best

solutionwould be to measurethe frequency directly, but this is not alwayspossible.Again. two

alternativescanbe usedwhenthe frequency informationis not availableandcannotbe measured

directly: 1) estimatethe frequency or 2) adaptthe algorithm to track the disturbance.The first

optionrequiressignificantcomputationalresourcesto beimplementedwith goodprecisionandin-

troducesdelay, which impairstheresponseof thecontrollerto changingdisturbances.For thisclass
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of problems,usinganalgorithmthatcantrack the frequency by itself is highly important. This is

oneof themajor areasfor improvementin this method,andalthoughmuchtime for this research

wasdedicatedto solvingthisparticularproblem,noacceptablesolutionwasachieved.

Theothermainproblemis theselectionof thelearningrate.Thealgorithm,aspresentedin

this research,usesadifferentlearningratefor eachfrequency. Althoughtheactualvalueof µ is not

critical, it is moreinterestingto usea singlevalueof µ for all frequencies.In orderto do that, the

transferfunctionof theplantat theassignedfrequency mustbeeitherknown or estimatedonline.

This informationcouldbeusedin severalwaysto improve themethod’s characteristics.Assuming

thattheplant’s characteristicschangeslowly, this estimationdoesnot needto usemuchcomputing

power requirements,althoughthememoryrequirementswill certainlyincreaseappreciably.

Finally, the mathematicalmodelcould alsobe improved. The useof quaternionswould

make its computationfasterandimprove its usability. Staticfriction shouldalsobeincludedin the

modelof theaccelerometers,whichwouldprovide morerealisticsimulationsat lower frequencies.
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